



















































ASSESSMENT OF EARLY-LIFE CHOLINE AND IRON DEFICIENCIES ON 



















Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Neuroscience  
in the Graduate College of the  











 Associate Professor Ryan N. Dilger, Chair 
 Professor Sharon M. Donovan 
 Professor Brad P. Sutton 









Optimal nutrition early in life is critical to ensure proper structural and functional 
development of infant organ systems and efforts have increasingly focused on how nutrition 
influences neurodevelopment. Choline and iron are two micronutrients that are known to play 
pivotal roles in brain development, yet insufficient dietary intake remains a problem worldwide. 
The pig has emerged as an important translational model for studying neurodevelopmental 
outcomes influenced by pediatric nutrition. The use of magnetic resonance imaging allows for a 
non-invasive understanding of how nutrition affects neurodevelopmental patterns and is 
amendable to both pre-clinical and clinical populations. As such, the work in this dissertation 
used neuroimaging techniques, applied in the biomedical pig model, to elucidate the independent 
influences of perinatal choline deficiency and postnatal iron deficiency on neurodevelopment. 
Additionally, milk from choline-deficient and choline-sufficient sows was assessed to determine 
the influence of perinatal choline deficiency on milk composition. Herein, we report that prenatal 
choline deficiency greatly alters the trajectory of brain development, resulting in reductions in 
total brain volumes as well as alterations in microstructural development. In addition, we report 
that perinatal choline deficiency reduces choline metabolites and alters the fatty acid and amino 
acid profiles in milk. Our work also indicates that dietary iron deficiency early in life alters 
structural brain development, and does not appear to be completely corrected despite a period of 
iron repletion. The work from this dissertation is well poised to inform researchers and clinicians 
alike by providing insights into structural alterations in brain development that result from 
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CHAPTER 1: INTRODUCTION 
1.1 THE PIG AS A BIOMEDICAL MODEL1  
Introduction 
Optimal nutrient provision early in life is essential for proper development of the 
neonate (World Health Organization 2009). Pediatric nutrition research commonly 
focuses on maturation of the gastrointestinal tract, as this system is crucial to ensuring 
continued growth. While alterations in nutrition may lead to immediately evident 
pathophysiologies of gastrointestinal development (Jacobi and Odle 2012), the 
developing brain is also highly sensitive to early-life nutrient status (Cusick and 
Georgieff 2012). However, the sensitivities of the brain that lead to altered structure and 
function may not be evident until later in life (Prado and Dewey 2014). Thus, it is 
important to identify critical aspects of early-life nutrition that modulate brain 
development during periods in which brain regions are rapidly developing and therefore 
susceptible to nutrition.  
Throughout the perinatal period, brain development is dynamic and its plasticity 
makes it highly susceptible to alterations in nutrition (Georgieff 2007). It is well known 
that maternal dietary status greatly influences fetal brain development, but this is not 
limited to just the prenatal period (Dobbing 1990; Morgane et al. 1993). Human milk is 
generally regarded as the gold standard for early-life nutrition and known compositional 
differences between infant formula and human milk exist (Ballard and Morrow 2013). 
                                               
1This is a pre-copyedited, author-produced version of an article accepted for publication 
in Advances in Nutrition following peer review. The version of record, “Mudd, AT and 
Dilger, RN. 2017. Early-life nutrition and neurodevelopment: use of the piglet as a 






Accordingly, research suggests differences in brain development and cognitive function 
between breastfed and formula fed infants (Anderson, Johnstone, and Remley 1999; 
Deoni et al. 2013; Ou et al. 2015). Throughout the first year of life, most infants receive a 
combination of both human milk and formula (Bhatia and Greer 2008). Thus, there is 
interest in characterizing components of human milk that support optimal brain 
development.  
While epidemiological data and randomized control trials can be informative in 
assessing neurodevelopmental outcomes in human populations, these studies are limited 
in their mechanistic assessments of nutrition’s modulatory effects on the developing 
brain. The pig is a commonly accepted animal model in the field of pediatric nutrition 
research because the gastrointestinal development and nutrient requirements of the pig 
are similar to those of the human infant (Odle et al. 2014). Due to the pig’s utility in this 
line of research, it has also gained popularity in the field of developmental neuroscience, 
commonly being used to assess the interactions of nutrition and neurodevelopment. It is 
through these studies that researchers have been able to elucidate how specific dietary 
compounds influence neurodevelopment.  
This portion of the literature review will highlight studies of pediatric nutrition 
using the pig model where brain development outcomes were of primary interest. It will 
also highlight technologies used to assess brain development and seeks to offer novel 
insights into future areas of nutritional neurodevelopment research in which the pig 
model will be of great use. It should be noted that use of the pig in neuroscience is not 
exclusively amendable to nutritional neuroscience; rather it has gained traction in other 





referred to other reviews focusing on topics such as cognition and behavior (Gieling et al. 
2011; Held et al. 2002), early-life neurodevelopmental insults (Conrad and Johnson 
2015), brain disorders (Lind et al. 2007), and anesthetic effects on the developing brain 
(Whitaker et al. 2016) in the young pig.  
 
Pig Neurodevelopment 
The pig is an ideal model for neurodevelopmental research because it exhibits 
perinatal brain development much like human infants (Dobbing and Sands 1979). 
Analysis of fatty acid fractions from pig brains ranging from 14 days preterm to 40 days 
postnatal indicates the maturing pig brain experiences two peaks of myelination 
(Sweasey, Patterson, and Glancy 1976). The first peak of brain growth occurs roughly 
between 100-110 days of gestation (average gestation length is 114 days in the pig), 
depending on the specified brain region. This early myelinating event is characterized by 
an accumulation of DNA involved in the myelination process, followed by cerebroside 
accumulation in developing regions. It was noted that there is an apparent slowing of 
brain growth in the immediate prenatal period, with development ramping up again 
approximately 10 days after birth. The second peak of myelination in the developing pig 
brain occurs approximately 30-40 days after birth and is characterized by a simultaneous 
appearance of myelinating DNA and cerebrosides in developing regions. Notably, 
cholesterol esters appear in brain regions prior to myelinating events, presumably 
functioning as carriers of fatty acids to be incorporated into the myelin sheath (Sweasey, 
Patterson, and Glancy 1976). Purvis and colleagues (Purvis, Clandinin, and Hacker, 





of human brain development. Particularly, fatty acids derived from 18:2n6 and 18:3n3 
tend to increase during gestation, but levels of these precursors remain low, and a rapid 
accumulation of saturated fatty acids (i.e., 16:0 and 18:0) also suggests active myelin 
synthesis (Purvis, Clandinin, and Hacker 1982).  
While rodents are commonly used animal models in nutritional neuroscience 
research, the lissencephalic cortical structure and predominately postnatal brain 
development are quite different than that of humans and pigs. In contrast, the pig brain 
exhibits similar gyral patterning, vascularization, and distribution of gray and white 
matter compared with the human, and the pig brain is large enough for live neuroimaging 
procedures (Lind et al. 2007; Sauleau et al. 2009). Magnetic resonance imaging (MRI) 
methods have allowed for longitudinal characterization of volumetric changes from 2-to-
24 weeks of age in the pig, further establishing similarities between pig and human brain 
development (Conrad et al. 2012). When comparing data obtained from longitudinal MRI 
assessment in pigs and humans, it is apparent that both species follow a similar growth 
trajectory, with one month of human total brain volume growth being equivalent to one 
week of pig total brain volume growth (Knickmeyer and Gouttard 2008). In general, the 
pig brain is one-tenth the total volume of the human brain throughout the lifespan, thus 
lending itself to easy tissue collection and characterization of specific brain subregions 
(Conrad et al. 2012; Knickmeyer and Gouttard 2008). This is in contrast to rodent brains, 
which are much smaller and often require ‘pooling’ of tissue across animals in order to 
analyze tissue components.  
Use of the pig as a neurodevelopmental model is unique in that it allows for 





then be directly translated to humans. Due to the precocial nature of the young pig, 
behavioral assessments can be performed immediately after birth, whereas this is not 
possible in human infants for several months. Because rodents’ brains develop 
predominately during the postnatal period, assessments of learning and memory are not 
possible immediately after birth. While behavioral analysis techniques will be briefly 
discussed below, the reader is referred to a more extensive review pertaining to pig 
cognitive assessment (Gieling et al. 2011). By employing nutritional interventions during 
the periods of rapid brain development, researchers are able to define critical windows 
during which the brain is sensitive to dietary interventions. 
 
Nutritional Studies in the Pig 
Research focused on optimal pig nutrition for agricultural purposes has been a 
priority for many decades. Accordingly, nutritional effects on growth and development of 
the pig are well characterized. Studies directly assessing the brain, however, have only 
recently gained popularity, with many studies focusing only on crude measures such as 
brain weights or total fatty acid composition (Arbuckle et al. 1991; Hrboticky, 
MacKinnon, and Innis 1990; Purvis, Clandinin, and Hacker 1982; Sweasey, Patterson, 
and Glancy 1976). However, from these foundational studies, nutritionists and 
neuroscientists alike have gained an appreciation for the sensitivity of this model in the 
context of nutritional neurodevelopment. The pig is unique in that it experiences perinatal 
brain development, thus making it a premiere model for studies of perinatal nutrition. 
This is unlike rodents, which develop postnatally and are not as amendable to studies of 





development and characterization of novel compounds which may serve to support or 
enhance brain development when incorporated into pediatric products (Lönnerdal 2014; 
Lönnerdal 2011). The following sections seek to highlight novel findings in which 
modulation of specific dietary compounds resulted in alterations of brain development 
using the pig as a model.  
 
Fatty Acids. Given the analysis techniques available and an intense interest in fatty acids 
in pediatric nutrition in the early 1990’s, the pig was identified as an optimal model for 
assessing brain fatty acid accretion. Decades of research using the pig have helped to 
establish docosahexaenoic acid (DHA) and arachidonic acid as two fatty acids serving 
critical roles in brain maturation (Arbuckle and Innis 1993; Craig-Schmidt, Stieh, and 
Lien 1996; de la Presa-Owens, Innis, and Rioux 1998; de la Presa Owens and Innis 1999, 
2000; Tyburczy et al. 2011). Research in this area has highlighted the need to understand 
ways in which altered ratios and different sources of fatty acids might affect 
bioavailability in the developing neonate (Alessandri et al. 1998; Arbuckle et al. 1991, 
1992; Arbuckle, MacKinnon, and Innis 1994; Foote, Mackinnon, and Innis 1990; Huang 
et al. 2007; de la Presa-Owens, Innis, and Rioux 1998; de la Presa Owens and Innis 1999; 
Tyburczy et al. 2011). While the majority of pig neurodevelopmental research has 
focused on dietary fatty acid supplementation, extensive detail pertaining to such studies 
is beyond the scope of this review. For a more in-depth understanding of dietary fatty 
acids and their impact on brain development, the reader is referred to reviews by Innis 






Cholesterol. Cholesterol has many physiological functions in the body, most notably as 
an integral compound in cell membranes and key component of the myelin sheath 
(Norton and Cammer 1984). While most tissues can utilize dietary cholesterol it is 
unclear whether dietary cholesterol can cross the blood-brain barrier or if cholesterol 
must be exclusively synthesized de novo in the brain.  
The pig has proven to be a useful model for assessing genetic factors leading to 
high or low serum cholesterol concentrations and dietary cholesterol’s impact on the 
developing brain. Pigs that were selected for high or low circulating cholesterol 
concentrations were provided either a diet supplemented with cholesterol or an 
unsupplemented control diet, and brain cholesterol accretion and behavioral outcomes 
were measured (Schoknecht et al. 1994). In an open field behavioral assessment, pigs that 
were selected for low serum cholesterol and provided the control diet exhibited reduced 
exploratory behavior when compared with all other groups. Analysis of brain cholesterol 
content indicated that regardless of genetic predisposition, pigs that were provided 
cholesterol-supplemented diets had higher brain cholesterol concentrations. Therefore, 
these results tend to support the notion that cholesterol is transported into the brain, 
however this is contradictory to the generally accepted idea of brain de novo cholesterol 
synthesis (Jurevics and Morell 1995). Provided the reduced brain cholesterol content and 
altered behavior in the unsupplemented pigs, this study suggests that provision of dietary 
cholesterol may have functional implications in the developing brain.  
Supporting this work, Boleman and colleagues (Boleman et al. 1998) showed that 
regardless of genetic predisposition for serum cholesterol concentrations, pigs fed 





brain cholesterol content, even after receiving a cholesterol-replete diet later in life. 
Although contrary to the previously described studies, pig genetics also appear to have an 
influence on brain weight, with pigs of high serum cholesterol status exhibiting heavier 
brain weights (Pond et al. 2008). Open field behavioral assessment in this study indicated 
differences in exploratory behavior due to genetics at two weeks of age. Low serum 
cholesterol pigs did not explore the arena, and pigs selected for high serum cholesterol 
that were provided a cholesterol-supplemented diet explored more than pigs selected for 
high serum cholesterol but provided an unsupplemented diet. However, these genetically-
influenced exploratory behaviors were not different among any groups at four weeks of 
age. Pond and colleagues (Pond et al. 2008) also observed increased vocalization in low 
serum cholesterol pigs provided the cholesterol-supplemented diet, which they ascribed 
to increased emotionality, though it is unclear how increased emotionality in pigs might 
manifest in structural and functional differences later in life.  
Studies involving supplementation of pig milk replacer with cholesterol or DHA 
indicate that both compounds influence amino acid metabolism in the developing brain 
(Li et al. 2009). Dietary supplementation of both compounds appeared to have interactive 
effects on glutamate, asparagine, serine, histidine, alanine, tryptophan, tyrosine, and 
gamma-aminobutyric acid in the developing pig brain. When compared with 
unsupplemented pigs, dietary cholesterol alone increased brain serine, glycine, lysine, 
and gamma-animobutyric acid, whereas glutamate, glutamine, threonine, beta-alanine, 
methionine, isoleucine, and leucine were all decreased. Similarly, supplementation of 
DHA alone in the diet enhanced brain concentrations of glycine, taurine, alanine, and 





threonine, methionine, and leucine when compared with control pigs. While the effects of 
altering concentrations of these amino acids remains to be elucidated, it is important to 
note that several of these amino acids are involved in neurotransmitter synthesis and 
could have functional implications, thereby warranting further research.  
From the limited studies involving supplementation of cholesterol in pigs, it 
appears that this nutrient differentially impacts the developing brain. Results from these 
studies indicate that cholesterol may cross the blood-brain barrier and could possibly 
have functional implications, although more research is needed to better understand the 
mechanisms through which dietary cholesterol influences brain development.   
 
Milk Bioactives. As the field of pediatric nutrition research advances, greater emphasis 
has been placed on understanding the impact of bioactive compounds such as sialic acid, 
lactoferrin, milk fat globule membrane, prebiotics, and gangliosides present in milk 
(Donovan and Lönnerdal 2016). To date, much of this research has focused on the impact 
of these compounds in the developing gut, as they exert beneficial effects in disease 
prevention and gut maturation. Recently, however, there has been interest in 
understanding how these compounds might impact the developing brain.  
 
Sialic Acid Compounds. Sialic acid is a monosaccharide that can be attached to 
glycoproteins and glycolipids in biological tissues to elicit physiological effects during 
neurodevelopment (Wang et al. 1998). Dietary supplementation of sialic acid to young 
pigs has been shown to increase learning and memory, influence expression of learning-





cortical sialic acid in a dose-dependent manner (Wang et al. 2007; Wang et al. 2007; 
Wang, Hu, and Yu 2006).  
Lactoferrin is a sialylated, iron-binding, functional glycoprotein commonly found 
in human milk (Yang et al. 2014). Provision of bovine lactoferrin, as well as naturally-
present lactoferrin in porcine colostrum, increases circulating cerebrospinal fluid 
lactoferrin concentrations within hours of ingestion, possibly impacting iron-metabolism 
in the brain (Harada et al. 2002). Recent findings from pigs suggests that supplementation 
of bovine lactoferrin results in increased hippocampal mRNA and protein concentrations 
of brain-derived neurotrophic factor (BDNF), phosphorylated cAMP response element-
binding protein, and polysialic acid, all of which are also upregulated after learning 
events and during memory consolidation (Chen et al. 2015). Moreover, provision of this 
functional protein enhanced 8-arm radial maze performance in supplemented pigs when 
compared with control pigs (Chen et al. 2015). Supplementation of lactoferrin also 
facilitates enteric nervous system development by upregulating duodenal mRNA 
expression of BDNF and glial-cell line-derived neurotrophic factor (Yang et al. 2014). 
From its functional roles in both the central and enteric nervous systems it is possible that 
early-life ingestion of lactoferrin might modulate development of the gut-brain axis, 
however specific studies are needed to elucidate these modulatory effects.  
Sialyllactose, a human milk oligosaccharide consisting of sialic acid conjugated to 
lactose (Tarr et al. 2015), was shown to influence ganglioside-bound sialic acid 
concentrations in the corpus callosum of pigs. Interestingly, supplementation of 3’- or 6’-
sialyllactose at 2 g/L increased the corpus callosum sialic acid concentration by 15%, 





sialic acid concentrations by 10% compared with control pigs (Jacobi et al. 2016).  This 
differential response suggests an apparent sensitivity of the developing brain to increased 
dietary intake of this compound.  
 
Gangliosides and Phospholipids. Breast milk is a highly-concentrated source of 
phospholipids and gangliosides, both of which are rapidly accreted in the developing 
brain (McJarrow et al. 2009; Ryan, Rice, and Mitchell 2013). A study that supplemented 
a milk protein concentrate enriched in phospholipids, sphingolipids, gangliosides, and 
phosphatidylserine to developing pigs resulted in fewer errors in a spatial T-maze 
assessment, suggesting enhancement of cognitive development when compared with 
control pigs (Liu et al. 2014). Magnetic resonance imaging of the same pigs indicated 
supplementation of this compound increased the volumes of the internal capsule, 
putamen, and thalamus relative to the control treatment. Further, metabolomic analysis 
indicated that supplementation of this milk fat enriched protein concentrate at a rate of 
2.5% (w/w) increased hippocampal metabolites involved in the glutathione cycle, 
acetylcholine, cytidine 5’-diphosphocholine, and lactate when compared with control 
pigs.  
A separate study assessed the impact of deuterium-labeled milk-derived 
ganglioside GD3 supplementation on the biosynthesis of frontal lobe gangliosides in pigs 
(Reis et al. 2016). This study concluded that supplementation of GD3 in milk at lower 
levels (18.2 µg/mL) compared with higher levels (25 µg/mL) resulted in greater 
incorporation of deuterium in steric acid bound to brain gangliosides GM1 and GD1a, as 





also noted a greater incorporation of deuterium in b-series gangliosides compared with a-
series gangliosides, regardless of dietary treatment, highlighting the potential importance 
of such molecules early in development. Furthermore, the presence of specific 
ganglioside moieties in human milk changes throughout lactation, again suggesting 
differential impacts of gangliosides at various stages of development. From the Lui et al. 
and Reis et al. studies, it is increasingly evident that supplementation with particular 
phospholipids and gangliosides during specific developmental time periods may play an 
important role in defining brain structure.  
 
Alpha-Lipoic Acid. Although little research has focused on specific antioxidants present 
in human milk, there is evidence to suggest higher antioxidant capacity in human milk 
compared with infant formula (Aycicek et al. 2006; Friel et al. 2002). Recent work from 
our lab assessed dietary alpha-lipoic acid supplementation on pig neurodevelopment. 
Alpha-lipoic acid is considered a “universal antioxidant” due to its multitude of 
physiological functions, including transition metal chelation, free radical quenching, 
antioxidant regeneration, and regulation of gene and protein expression (Packer, Witt, 
and Tritschler 1995). Supplementation of this compound did not result in any differences 
in pig cognition; however, MRI analysis indicated structural differences within the 
internal capsule (Mudd et al. 2016). Pigs that were provided alpha-lipoic acid at a higher 
supplementation rate (240 mg alpha-lipoic acid/100 g milk replacer powder) exhibited 
lower diffusion tensor imaging (DTI) fractional anisotropy and axial diffusivity 
measures, indicative of altered myelination or fiber coherence, within the internal capsule 





(120 mg alpha-lipoic acid/100 g milk replacer powder). Importantly, pigs that received 
the lower dietary alpha-lipoic acid concentration were not different than the control pigs, 
suggesting this supplementation rate supported normal neurodevelopment. Analysis of 
white matter tracts using tract-based spatial statistics confirmed the DTI outcomes by 
highlighting specific differences in white matter diffusion properties within the internal 
capsule of pigs fed the higher concentration of alpha-lipoic acid compared with control 
pigs. Thus, these data suggest a threshold effect whereby alpha-lipoic acid 
supplementation supports neurodevelopment up to a certain dietary concentration, 
without continued benefits once this limit is exceeded.  
 
Novel Dietary Combinations. Single nutrient interventions are necessary for elucidating 
specific mechanisms through which neurodevelopment outcomes are altered. However, it 
is equally important to assess novel combinations of dietary compounds, as this is more 
representative of how bioactive components are presented to the infant in human milk. 
Accordingly, a recent study in our lab studied combined supplementation of milk fat 
globule membrane (MFGM-10), lactoferrin, and prebiotics on brain development in the 
pig model. No differences in cognition were observed between control and supplemented 
pigs, however MRI analysis again highlighted sensitivity of the internal capsule to early-
life dietary intervention (Mudd et al. 2016). Pigs receiving the supplemented diet 
exhibited decreased mean and radial diffusivity measures generated from DTI, which 
suggest increased myelination or fiber coherence, within this specific brain region. Using 
voxel-based morphometry, a method to sensitively characterize changes in gray and 





tissue concentrations within motor and sensory regions of the brain. These observed 
differences suggest advanced development in the supplemented versus control pigs. 
Interestingly, the internal capsule is an early-developing fiber tract that serves to connect 
motor and sensory cortices to the rest of the body, meaning the gray and white matter 
tissue observations serve to corroborate diffusion findings in this study (Mudd et al. 
2016).  
From the studies described above, it is important to highlight the novelty of the 
bioactive compounds being tested while also focusing on the sensitivity of the brain to 
their presence. It is increasingly apparent that higher levels of one compound may not 
always confer better neurodevelopment, thereby suggesting the importance in defining 
optimal levels at which specific compounds should be incorporated into the diets used in 
future studies. As analysis methods become more refined and optimal supplementation 
levels are empirically determined, researchers will be able to better understand the 
mechanisms through which supplemented compounds influence the trajectory of brain 
development. 
 
Micronutrients. Deficiencies of micronutrients, including folate, iron, copper, and zinc, 
are known to alter the neurodevelopmental trajectory of infants (Georgieff 2007). 
Accordingly, the pig has proven to be a sensitive model for characterizing developmental 
aberrations caused by such nutrient deficiencies. The work in this dissertation focuses on 
the micronutrients choline and iron, therefore these micronutrients will be reviewed more 





Betaine is a direct metabolite of choline oxidation and is known to be important 
throughout perinatal development (Caudill 2010). A study in which sows were 
supplemented with betaine indicated altered hippocampal development in offspring when 
compared with offspring from unsupplemented sows (Sun et al. 2016). In this study, 
hippocampi were collected at birth and pigs from betaine-supplemented sows exhibited 
increased glucocorticoid receptor mRNA, but not glucocorticoid protein, when compared 
with pigs from control sows. Betaine also plays an important role in epigenetic 
modifications, and as such, hyper-methylation of the glucocorticoid promoter region was 
observed in betaine-supplemented offspring. Additionally, betaine supplementation 
influenced specific microRNA expression, which may have resulted in a lack of 
differences observed in the expression of glucocorticoid protein in pigs from betaine-
supplemented sows. This study highlights the importance of adequate micronutrient 
status throughout perinatal development. Provided the significant findings due to prenatal 
betaine deficiency, it is clear that proper maternal nutrition is equally as important as 
adequate postnatal nutrition for ensuring optimal neurodevelopment.  
 
Nutrition for Preterm Infants. Infants born preterm exhibit altered neurodevelopmental 
patterns compared with term infants and it is well known that these infants have specific 
nutritional needs (Chan et al. 2016). The pig is increasingly being used as a model for 
preterm infancy to establish the utility of different feeding paradigms (i.e., parenteral or 
enteral) and their impact on gut maturation and neurodevelopment (Sangild et al. 2013). 
An assessment of neurodevelopment in preterm and term pigs indicated delays in arousal, 





pigs (Andersen et al. 2016). Results from this study indicated provision of parenteral 
nutrition in addition to enteral nutrition for the first five days did not impact later 
neurodevelopmental outcomes.  
In a separate study, pigs delivered at 92% of complete gestation (114 days in the 
pig) and provided parenteral nutrition had smaller brain weights, reduced motor activity, 
and indications of underdeveloped myelination at 10 days of age when compared with 
pigs that received enteral nutrition (Choudhri et al. 2014). Late in gestation, the fetus 
begins to swallow amniotic fluid and this is thought to help stimulate the gastrointestinal 
tract (Ross and Nijland 1998). However, preterm infants often miss this critical time 
period in utero and are regularly provided parenteral feedings, thereby circumventing gut 
stimulation. A preterm pig model has shown that provision of an oral fluid supplement, 
formulated to mimic nutrient and electrolyte composition of amniotic fluid, results in 
increased brain weights when compared with pigs that receive lactated ringer’s solution 
either intravenously or enterally (Berding et al. 2015).  Further, Cao and coworkers (Cao 
et al. 2015) demonstrated that development of physical activity in preterm pigs was 
dependent on route of supplement provision in the early postnatal period. This study 
showed that enteral provision of bovine colostrum or human milk resulted in increased 
motor activity of preterm pigs when compared with preterm pigs that were provided 
infant formula. While the direct link between the gut and brain was not assessed in this 
study, these authors concluded that early enteral feedings stimulated physical activity, 
which may be due to increased neural maturation. Thus, it is possible that early 
stimulation of the enteric nervous system may influence central nervous system 






Malnutrition. Under-nutrition is a common cause of neurodevelopmental delays in 
infants worldwide (Chase and Martin 1970; Ivanovic et al. 2000; Scrimshaw 1998). 
Protein malnutrition in pigs from three-to-ten weeks of age resulted in decreased brain 
weight, reduced total protein concentrations, and decreased total DNA content, thus 
highlighting vulnerability of the developing brain to suboptimal nutrition (Pond et al. 
1996). Pigs that were subjected to protein malnutrition early in life but then provided 
nutritionally-adequate diets later in life exhibited similar brain weights compared with 
control pigs at 18 weeks of age. However, protein and DNA content tended to be lower in 
the early-life malnourished pigs, suggesting that early-life under-nutrition has life-long 
implications in the brain. Barnes and colleagues (Barnes, Moore, and Pond 1970) also 
noted behavioral and learning differences in adult pigs that had been subjected to early-
life malnutrition, even after a period of nutritional rehabilitation.  
Under-nutrition is also commonly observed in utero with some infants being born 
small for gestational age. Pigs that were born small for their gestational age took longer 
to learn a spatial T-maze task compared with average for gestational age, litter-matched 
siblings (Radlowski et al. 2014). Moreover, MRI analysis indicated reduced gray matter 
volumes and smaller internal capsules, along with regional alterations in gray and white 
matter tissue concentrations in small for gestational age pigs. This research suggests that 
nutritional status in utero may set the foundation for later brain development when an 
otherwise nutritionally-adequate diet is provided.  
Oftentimes babies that are considered very-low-birth-weight require parenteral 





(Amusquivar et al. 2008) used the term pig to assess the impact of parenteral solutions 
compared with enteral solutions on brain fatty acids. This study indicated resilience of the 
brain to differences in provision of nutrients, as neither enteral nor parenteral provision, 
nor the type of parenteral solution, affected the fatty acid composition of the developing 
brain at seven days of age. This suggests metabolism in the brain at this time-point is 
sufficient to ensure proper fatty acid accretion, regardless of the route of nutrient 
provision.  
 
Techniques Used to Assess Brain Development 
The field of pediatric nutrition continues to identify and develop novel 
compounds that may exert beneficial effects on the developing neonate. As these 
technologies become available, there is a need to better understand the ways in which 
they influence brain development. Previously, the most common methods of assessing 
alterations in brain development were largely focused on brain weight and global fatty 
acid profiling. However, inconsistencies in how the brain is extracted and overall fluid 
content of the brain can lead to large variability in brain weights, thereby making it 
difficult to compare findings across studies. Many studies have also assessed fatty acid 
profiles of the whole cerebrum, though it is now clear that this practice dilutes the impact 
of dietary interventions on specific regions because brain regions develop at different 
rates (Dean et al. 2015; Deoni et al. 2011). Below, we seek to highlight advancements in 
neurodevelopmental analytical techniques (Table 1.1), all of which have proven to be 






Magnetic Resonance Imaging. Currently there is a large initiative in the United States to 
characterize normal brain development from birth through childhood (Almli, Rivkin, and 
McKinstry 2007; Evans 2006). In doing so, researchers are regularly employing magnetic 
resonance imaging in non-sedated children to elucidate brain growth trajectories. While 
this method is becoming increasingly popular in pediatric studies, pig researchers have 
been developing similar translational methods in parallel. Magnetic resonance imaging 
can sensitively assess changes in white and gray matter, microstructural diffusion 
properties, blood flow, and even neuro-metabolites. Neuroimaging of pig brains can 
occur in sedated pigs or in post mortem brains. While post-mortem scanning allows for 
longer scanning sessions and therefore higher resolution sequences, tissue shrinkage and 
lack of blood flow negatively influence observed outcomes, hence the need for longer 
scans. Pig-specific brain atlases have been developed to parcellate the brain into 
individual brain regions (Conrad et al. 2014; Gan et al. 2014), which has allowed for 
characterization of regions that are sensitive to dietary intervention as evidenced by 
recent work that consistently shows the internal capsule to be altered by early-life 
nutrition (Liu et al. 2014; Mudd et al. 2016; Mudd et al. 2016; Radlowski et al. 2014).  
Within neuroimaging there are many different analytical techniques, several of 
which we will briefly describe here. Voxel-based morphometry is used to compare tissue 
volumes between subjects’ gray matter or white matter on a voxel-by-voxel basis. 
Comparisons of this nature can then be utilized to show localized differences in 
individual brain tissue types, which can indicate how dietary components influence brain 
development. This method has proven sensitive in showing alterations to iron deficiency 





(Mudd et al. 2016) and helps researchers understand how gray matter and white matter 
can be differentially sensitive to dietary treatment.  
Another volumetric assessment of brain regions utilizes the pig brain atlas and is 
able to define either absolute (i.e., mm3) or relative (i.e., % of total brain volume) 
volumes for each of the regions defined by the atlas. This method is powerful because it 
quantifies brain regions that are maturing at a greater rate relative to other regions, as 
hypothesized in a recent nutrition study involving supplementation with milk fat globule 
membrane and lactoferrin (Mudd et al. 2016). This method is different than voxel-based 
morphometry, however, in that the observed volume differences do not differentiate 
between white and gray matter, but rather quantify the physical volume of discernable 
brain structures in the live subject.  
Another commonly employed method in neurodevelopmental research is 
diffusion tensor imaging. Very broadly, this method characterizes water movement 
within the brain and can help to infer microstructural changes. These observed diffusion 
changes might be due to several factors, including myelination, fiber coherence, and 
changes in neuron size. This method provides measures of axial diffusivity, radial 
diffusivity, mean diffusivity, and fractional anisotropy, each of which can be used to infer 
specific differences within the tissue and are described in detail in a review by Le Bihan 
and colleagues (Le Bihan et al. 2001). Diffusion tensor imaging has proven to be 
sensitive to detecting regional differences due to iron deficiency as well as dietary 
supplementation of compounds including alpha-lipoic acid, milk fat globule membrane, 
and lactoferrin (Leyshon et al. 2016; Mudd et al. 2016; Mudd et al. 2016). Using 





based spatial statistics, which allows for comparison of diffusion properties along white 
matter fiber tracts (Smith et al. 2004, 2006). Our lab previously used this method to 
further corroborate evidence that supplementation of alpha-lipoic acid influences internal 
capsule development (Mudd et al. 2016).  
Magnetic resonance spectroscopy measures have also been applied to 
developmental nutritional neuroscience studies and have proven sensitive to dietary 
interventions of iron deficiency (Leyshon et al. 2016). Use of this technique allows for 
quantification of important metabolites including N-acetylaspartate, choline, inositol, γ-
aminobutyric acid, glutamate, glutamine, and creatine, among others. Through the 
quantification of these metabolites, researchers are better able to understand mechanisms 
whereby early-life nutrition might influence brain metabolism.  
Development of fiber tracts connecting different parts of the brain is critical to 
neurodevelopment and may be influenced by diet. Future work in this field should seek to 
expand upon diffusion data by applying fiber tractography methods (Mukherjee et al. 
2008). In doing so, researchers will better understand the mechanisms through which 
specific nutrients direct brain development, thereby having functional implications later 
in life. Myelination is a pivotal event occurring throughout neurodevelopment, and MRI 
methods have been developed to specifically assess this process. Work by Deoni and 
colleagues (Deoni et al. 2008) utilizes the differences in water diffusion between myelin-
water and non-myelin water, thus allowing for a general understanding of amount of 
myelin within a region. This work has been performed in human infants and has helped 
characterize the developmental trajectory of different brain regions, highlighting the 





et al. 2011). By applying this method to the pig model, researchers can assess the impact 
of specific nutrients on myelination.  
 
Behavioral Assessment Paradigms. Use of behavioral analysis techniques is one of the 
easiest and least invasive methods to grossly assess brain development in infants and 
pigs. Importantly, these measures are commonly used as biomarkers of developmental 
milestones, all of which can inform doctors of aberrations in this process. Pig researchers 
also use measures of cognitive assessment to uncover possible developmental alterations 
due to diet. One common method of assessment is to observe daily pig behavior in their 
home cage as is done in the preterm pig model (Andersen et al. 2016). Methods such as 
this seek to assess bouts of activity, which might be indicative of neuromuscular 
development. This method of home cage analysis could also prove useful in assessing 
social and repetitive behaviors in the absence of a human observer, however when 
employing these methods researchers should have standardized and objective criteria, 
free of observer bias. Assessment of open field behavior is commonly used to assess 
anxiety in rodent models and has also proven useful in pigs (Pond et al. 2008). 
Researchers found that pigs bred to have lower serum cholesterol and provided a high 
cholesterol diet exhibited more vocalizations in an open field test (Pond et al. 2008). The 
researchers ascribed this to increased emotionality of the pigs, although some might 
argue that this is anthropomorphizing of the animal.  
While behavioral observations have their utility, cognitive assessments such as 
the eight-arm radial maze, spatial T-maze (Elmore, Dilger, and Johnson 2012), and 





intervention (Antonides et al. 2015, 2016; Rytych et al. 2012; Wang et al. 2007). Each of 
these assessments may introduce possible bias through human interaction, although 
consistent performance among handlers helps to alleviate this potential confounder. A 
review by Gieling and others (Gieling et al. 2011) highlights many classical and operant 
conditioning assessments that are known to be effective in the pig, yet many of these 
techniques have not been utilized in the context of pediatric nutrition. While it is difficult 
to know which brain regions might be impacted by dietary treatment, researchers should 
carefully choose a behavioral assessment that is sensitive to the specific brain region 
expected to be altered by the dietary intervention. Additionally, high variability in 
behavioral outcomes necessitates greater replication per treatment, which is not needed 
for more sensitive measures such as neuroimaging and molecular techniques. Moreover, 
if outcomes do not yield cognitive differences it may be due to the timing of the 
intervention, an inappropriate test, or truly a lack of impact due to diet, which highlights 
the complexity associated with using behavioral assessment as a pivotal outcome in a 
nutrition study.     
It is common to pair analytical methods such as electroencephalography (EEG) 
and functional near infrared spectrometry (fNIRS) with cognitive assessments in human 
infants. By using these methods, researchers are better able to understand underlying 
functional differences in the brain that manifest in cognitive outcomes. Near-infrared 
spectroscopy and EEG methods are currently being used in pig models of hypoxic 
ischemia and may prove useful in nutrition intervention studies as well (Zhang et al. 
2012). By combining these functional measures with cognitive performance outcomes, 






Molecular Techniques. The non-invasive nature of MRI and cognitive assessments are 
beneficial in allowing for immediately-translatable methods between young pigs and 
humans. However, the resolution with which researchers are able to understand 
alterations in neurodevelopment are limited when using these methods. Thus, the ability 
to analyze gene, mRNA, and protein expression along with cellular structure in the pig 
brain can serve to better elucidate dietary mechanisms influencing brain development; 
these methods have proven sensitive to dietary interventions of protein deficiency (Pond 
et al. 1996), betaine (Sun et al. 2016), sialic acid (Wang et al. 2007; Wang, Hu, and Yu 
2006), lactoferrin (Chen et al. 2015; Yang et al. 2014) and iron (Rytych et al. 2012). 
Combined analyses of gene, mRNA, and protein expression may help researchers to 
understand whether dietary compounds have a greater impact on transcriptional or 
translational events, as Sun and colleagues (Sun et al. 2016) observed with maternal 
betaine supplementation.  
Use of histological staining in the pig brain also allows for a better 
characterization of dietary interventions in the context of brain development. By using 
this technique, Leyshon and colleagues (Leyshon et al. 2016) observed decreased corpus 
callosum widths in iron-deficient pigs, thus allowing for robust interpretation of observed 
neuroimaging results. Antinodes and colleagues (Antonides et al. 2015) also used 
histological methods to stain for iron-containing cells in the hippocampus and observed 
fewer of these cells in pigs that were provided iron-deficient diets. The reduction of iron-
containing cells in the deficient pigs was consistent with observed reductions in long-






Stable isotope labeling of dietary compounds has also proven useful in 
understanding the mechanisms of tissue accretion within the pig brain. Deuterium-labeled 
gangliosides provided in pig milk replacer were shown to differentially accumulate in 
specific ganglioside moieties of the developing pig brain (Reis et al. 2016). A study using 
13C-DHA bound to either triacylglycerols or phosphatidylcholine showed greater gray 
matter accretion of the labeled fatty acid when provided in the phospholipid form (Liu et 
al. 2014). Human studies of choline metabolism have utilized these labeling techniques to 
better characterize the physiological mechanisms of choline metabolism (Davenport et al. 
2015). Accordingly, it would be of great interest to provide gestating sows with labeled 
choline and trace how the deficiency alters the neurodevelopmental trajectory in 
offspring. Through the use of labeled compounds, researchers may better understand how 
ingested compounds are altered in the body and transferred across the blood brain barrier.  
 
Conclusions and Future Directions 
Significant advances in pediatric nutrition have been made through sustained use 
of the pig model. With the continued application of novel analytical technologies 
described herein, the pig is well poised to answer foundational questions pertaining to 
early-life nutrition and neurodevelopment. As the field of developmental nutritional 
neuroscience matures, researchers should seek to include longitudinal study designs to 
further characterize specific windows of sensitivity to dietary intervention. Use of novel 
nutritional targets, both individually and combined, will permit optimization of 





brain-axis matures, the pig may prove beneficial in elucidating how nutrition can 
modulate this connection. Continued research using the pig to better understand 
neurodevelopment will serve to optimize early-life nutrition and consequently brain 




The Institute of Medicine defines an essential nutrient as a compound that cannot 
be produced in sufficient quantities by the body to meet physiologic needs, thus requiring 
dietary intake to maintain proper levels (Institute of Medicine, 1998). Although the 
human body is able to de novo synthesize choline, daily production of choline is often 
inadequate and therefore requires dietary ingestion (Ueland 2011). In 1998, the Institute 
of Medicine identified choline as an essential nutrient for humans and provided 
recommended daily adequate intakes (AI) for men, women, and children (Table 1.2) 
(Zeisel 2004). In humans, the AI was determined from a single landmark study of 
otherwise healthy male volunteers (Zeisel et al. 1991), and references for women and 
children were extrapolated from these results.  
In the study by Zeisel and colleagues, all subjects consumed a similar choline-
containing basal diet that contained approximately 13 mg choline/70 kg of 
bodyweight/day during the five-week intervention. In the first week of the study, all 
subjects were supplemented with 700 mg of choline chloride/day. Throughout the 
following 3 weeks, subjects in the choline-control group were provided the daily 





placebo of cellulose. During the final week of the study, all subjects were again provided 
a daily supplement of 700 mg of choline chloride. Primary outcomes of this study were 
obtained via weekly blood analysis for choline, phosphatidylcholine, and serum alanine 
aminotransferase among other blood metabolites. Results from this study indicated 
decreased plasma choline, phosphatidylcholine and cholesterol, and increased serum 
alanine aminotransferase, a clinical marker for liver injury, in the unsupplemented group 
(Zeisel et al. 1991). It is known that excess dietary methionine and folate can compensate 
for a lack of dietary choline. However, these findings suggested a dietary need for choline 
when dietary methionine and folate were not present in excess. In part, as a result of this 
study, the Dietary Reference Intakes published by the Institute of Medicine recommends 
liver damage as assessed by increased serum alanine aminotransferase as the primary 
indication of choline deficiency in humans (Institute of Medicine 1998).  
In the context of this dissertation, the pig is used as a biomedical model to assess 
the influence of perinatal choline deficiency on offspring brain development. Importantly, 
studies of choline deficiency in pigs indicate similar physiologic effects as observed in 
humans, including fatty livers and kidney dysfunction (Getty and Dilger 2015; Neumann 
and Krider 1949). Given these similarities in peripheral physiological responses, the pig 
is well poised to assess the effects of choline on the brain. Notably, decreased hematocrit 
and hemoglobin have been observed in choline-deficient pigs (Johnson and James 1948; 
Russett et al. 1979), yet to our knowledge this does not appear to have been corroborated 
in humans. While choline requirements for young pigs have not been established, the 
National Research Council committee on swine nutrition suggests an average of 2.26 g, 





active boars, respectively (National Research Council (US) 2012). Thus, dietary 
treatments which involve choline interventions in the pig model are based off these 
recommendations.  
Although adequate intake levels for choline were established nearly two decades 
ago, nearly 90% of older children, women, and men in the United States do not meet their 
daily choline needs (Jensen et al. 2007). Recent evidence suggests that daily choline 
intake averaged across males and females of all age groups is approximately 317 mg/day 
(Wallace and Fulgoni 2016). However, assessment of choline intake in women of child-
bearing age suggests choline intake averages only 260 mg/day, which is just over half of 
the daily recommendation for gestation and lactation (Chester et al. 2011; Wallace and 
Fulgoni 2016). The presence of circulating estrogen promotes the synthesis of choline 
through the phosphatidylethanolamine N-methyltransferase (PEMT) pathway, however 
studies suggest single nucleotide polymorphisms in the PEMT gene may reduce the 
body’s ability to endogenously synthesize choline (Da Costa et al. 2006). Additionally, 
pregnant women are at an elevated risk for choline deficiency due to the increased 
demand from the developing fetus. In fact, only 15% of women in the Project Viva study, 
a prospective gestational cohort study, met the choline AI during their first and second 
trimesters (Boeke et al. 2013). As evidence of an increased choline need during 
pregnancy, Yan and colleagues observed increased circulating choline in pregnant 
women compared with non-pregnant women (Yan et al. 2012). In this same study, the 
pregnant women who were supplemented with 930 mg choline/day exhibited higher 
dimethylglycine concentrations in cord plasma when compared with women who did not 





neonate (Yan et al. 2012). Despite the evidence of inadequate choline intake among 
women of child-bearing age, most prenatal vitamins do not contain adequate amounts of 
choline, if any at all (Zeisel 2013). Supplementation of 930 mg choline/day resulted in 
increased circulating choline, betaine, dimethyglycine, and sarcosine in both pregnant 
and non-pregnant women (Yan et al. 2012), indicating the effectiveness of choline 
supplementation to modulate serum choline concentrations.  
The majority of choline research has been performed in relatively high-income 
countries, such as the United States, yet there is evidence of inadequate choline 
consumption in lower-income countries as well (Gossell-Williams et al. 2005). 
Therefore, inadequate choline intake, especially in women, may be of global concern. 
While the need for choline is evident for normal physiological function, research suggests 
it plays a pivotal role in normal brain development (Niculescu 2013; Zeisel 2006; Zeisel 
2004). As such, there is a need to better understand the implications of inadequate choline 
consumption throughout the perinatal period and its influence on neurodevelopment. 
Herein, we briefly review the sources and chemical forms of choline in food and milk, 
the physiological roles of choline, and the influence of choline on brain structure and 
cognitive function. 
 
Sources of Choline 
Foods that contain the greatest amounts of choline-containing compounds tend to 
be of animal origin (Niculescu 2013). Common dietary sources of choline include eggs, 
liver, beef, chicken, brussel sprouts, cauliflower, and some nuts (USDA 2015). In the 





ingested, followed by smaller amounts of free choline, glycerophosphocholine, 
lysophosphocholine, and sphingomeyelin (Caudill 2010). While these sources and forms 
of choline are common in diets of individuals who eat solid foods, infants require a sole 
source of nutrition through human milk or infant formula. Research indicates the main 
form of choline in infant formulas is either free choline or glycerophosphocholine and 
appears to be dependent on whether the formula is bovine- or soy-based (Holmes-
McNary et al. 1996). This is in contrast to human milk, which contains predominately 
phosphocholine, and bovine and rodent milks, which predominately contain 
glycerophosphocholine (Holmes-McNary et al. 1996). Assessment of human and rodent 
mammary tissue indicates the ability of both of these mammals to synthesize choline 
moieties for inclusion in milk (Yang et al. 1988). Thus, maternal diet and mammary 
tissue de novo synthesis of choline-containing compounds are likely to influence 
concentrations of choline moieties present in milk.  
Total choline concentrations in human milk appear to range from 104 to 156 
mg/liter (Caudill 2010). Further assessment of choline-related compounds in human milk 
indicates the following composition as a percent of total choline: phosphocholine (45%), 
glycerophosphocholine (29%), sphingomyelin (10%), free choline (9%), and 
phosphatidylcholine (7%) (Caudill 2010). A recent study reports that women who were 
supplemented with 930 mg choline/day exhibited increased concentrations of choline-
related compounds derived from the PEMT pathway in expressed milk when compared 
with women who ingested 480 mg choline/day (Davenport et al. 2015). These findings 
may have implications on fetal brain development, as phospholipids derived from the 





al. 2011), which are known to support brain development. It has also been reported that 
phosphatidylcholine concentrations tend to be stable throughout lactation, further 
suggesting the importance of this molecule throughout development (Zeisel, Char, and 
Sheard 1986).  
Whereas rodents are commonly used as animal models in choline research, 
analysis of rodent milk indicates glycerophosphocholine and phosphocholine are the 
predominant choline species followed by phosphatidylcholine and free choline (Holmes-
McNary et al. 1996; Rohlfs et al. 1993). Analysis of rat mammary cells has shown the 
ability of mammary tissue to synthesize phosphatidylcholine, phosphocholine, 
glycerophosphocholine, choline, and betaine for inclusion in milk (Chao, Pomfret, and 
Zeisel 1988; Rohlfs et al. 1993). Choline deficiency during lactation also appears to 
influence rodent milk composition, as evidenced by decreased phosphocholine 
concentrations relative to control and choline-supplemented dams (Holmes-McNary et al. 
1996). While informative, these studies only assessed specific choline metabolites and 
did not consider other components of milk, which may be influenced by a choline-
deficient diet.  
As it pertains to the work presented in this dissertation, choline in sow’s milk was 
previously assessed, and work by Donovan and colleagues showed 
glycerophosphocholine as the predominate choline form in colostrum, whereas 
phosphocholine was the predominant choline form from 2 to 28 days of lactation 
(Donovan and Zeisel 1997). Notably, phosphatidylcholine concentrations did not change 
over time, while glycerophosphocholine and free choline decreased and phosphocholine 





lactation, concentrations of total choline-related compounds remained similar (Donovan 
and Zeisel 1997). The main choline moiety in sow and human milk is phosphocholine, 
whereas rodent milk is predominately glycerophosphocholine, thus suggesting the pig 
may be a closer model for assessment of dietary choline interventions throughout 
lactation.  
 
Choline & Physiology 
Although the focus of this review pertains to choline’s influence in the developing 
brain, we briefly review other physiologic roles of choline below. As mentioned above, 
choline can be ingested in many different forms. Once ingested, choline is absorbed in 
the small intestine with the help of choline transporters (Zeisel and Blusztajn 1994) or 
may be absorbed as phosphatidylcholine in the form of chylomicrons (Niculescu 2013). 
Intragastric feeding of labeled choline sources in rat pups indicates phosphatidylcholine 
remained as labeled phosphatidylcholine in the liver, whereas the water-soluble choline 
metabolites (i.e., free choline, phosphocholine, and glycerophosphocholine) were 
converted to betaine (Cheng et al. 1996). Upon absorption into the body, choline is able 
to enter body tissues either by diffusion or active transport (Niculescu 2013). Moreover, 
choline appears to cross the blood-brain-barrier exclusively through a high-affinity 
choline transporter (Niculescu 2013), although it is unclear if phospholipids directly cross 
the blood-brain-barrier or if they are broken down and subsequently reassembled.   
In utero, adequate levels of choline are needed for proper neural tube closure 
(Zeisel 2004). In addition to its importance in the central nervous system, choline is 





One of the main forms of choline in the body is phosphatidylcholine, which is a critical 
component of the lipid bilayer. Phosphatidylcholine can be formed from the cytidine 
diphosphate-choline pathway, in which phosphorylated choline is attached to a 
diacylglycerol molecule. Additionally, phosphatidylcholine can be synthesized through 
the PEMT pathway through three sequential methylations of a phosphatidylethanolamine 
molecule (Caudill 2010). As evidence of this mechanism, rats fed a choline-deficient diet 
exhibited increased concentrations of ethanolamine and ethanolamine-related metabolites 
in the liver, thereby suggesting an attenuation of the PEMT pathway (Haines and Rose 
1970). Moreover, in pregnant women there is an increase in choline derived from 
hydrolyzed phosphatidylcholine and greater use of the PEMT pathway for 
phosphatidylcholine synthesis during gestation (Yan et al. 2013). The PEMT pathway 
preferentially enriches phospholipids with long-chain polyunsaturated fatty acids 
(LCPUFA) (Pynn et al. 2011), thus it is possible that increased reliance on this pathway 
during pregnancy ensures the neonate receives the necessary LCPUFA for proper 
development.  
Choline also has biological significance in the liver. Triacylglycerol derived from 
the liver is delivered to body tissues in the form of very low-density lipoproteins (VLDL) 
(Zeisel and Blusztajn 1994). Accordingly, phosphatidylcholine is a required component 
of VLDL, and is needed for VLDL to be transported out of the liver. In instances of 
choline deficiency, phosphatidylcholine production decreases, resulting in hepatic fatty 
acid accretion. Circulation of biochemical markers indicating damage to liver and muscle 
are observed when choline supplies are inadequate, suggesting increased cellular 





likely due in part to the breakdown of the cellular membrane, specifically 
phosphatidylcholine. 
One of the most well-known functions of choline is its role as a methyl donor, 
thus making choline a key nutrient in epigenetic events. In short, choline is oxidized to 
form  betaine, which is a source of labile methyl groups, for use in the methionine cycle 
(Zeisel 2004). Betaine is then used to re-methylate homocysteine to methionine, which is 
then converted to S-adenosylmethionine (SAM) and used as a source of labile methyl 
groups in well over 200 metabolic reactions throughout the body. After donating a methyl 
group, SAM is converted to S-adenosylhomocysteine, which then completes the methyl 
cycle upon conversion to homocysteine. In instances when free choline in the body is 
decreased, less precursor for betaine formation exists thereby resulting in increased 
observed levels of homocysteine (Zeisel and Blusztajn 1994). However, evidence in 
chickens suggests that betaine is only able to spare some of the effects of insufficient 
choline, and as much as 50% of the daily requirement for choline is needed even in the 
presence of excess betaine (Dilger, Garrow, and Baker 2007). Although the mechanisms 
are not discussed here, it is not without mentioning that conversion of folate is the 
primary pathway used in methylation processes, and can spare some of the effects of 
choline deficiency in the methionine cycle (Horne, Cook, and Wagner 1989). In gene 
regulation, methyl groups can be added to CpG sites on DNA, effectively limiting gene 
transcription (Zeisel 2004). Thus, decreased choline in the body often results in 
hypomethylation of DNA, thereby resulting in overexpression of affected genes.  
Choline is also a critical component of platelet activating factor and has a role in 





phospholipid that activates platelet aggregation, lowers blood pressure, increases vascular 
permeability, and activates immune responses (Zeisel and Blusztajn 1994). Choline’s role 
in signal transduction is beyond the scope of this review, but in short, metabolism of 
phosphatidylcholine and sphingomyelin generates bioactive molecules that are used to 
both amplify and reduce the signaling process (Zeisel and Blusztajn 1994). Additional 
evidence of biological functions of choline have been observed in choline-deficient states 
and typically present as altered renal function, infertility, growth impairment, and 
decreased hematopoiesis (Zeisel and Blusztajn 1994). From the evidence presented 
above, it is clear that choline has many roles in the body and inadequate choline levels 
stand to have systemic effects.  
 
Choline & Brain Structure 
In the brain, choline is important for acetylcholine synthesis, hippocampal 
neurogenesis, and cognitive function (Meck, Smith, and Williams 1988; Zeisel 2004). To 
date, most brain-related choline research has been performed in rodent models, and the 
majority of this work has focused on hippocampal development. Herein, we focus on 
structural and functional effects of choline in the brain.  
One of the earliest indications of choline’s function in the brain was observed in 
chickens that were provided a choline-deficient diet for the first two weeks post-hatching 
(Jose et al. 1969). Results from this study indicated decreased dry brain weight and 
reduced proteolipid content in the brains of choline-deficient chickens. Interestingly, wet 
brain weight was not different between deficient and supplemented treatment groups, 





suggesting reduced myelination or cellular development in the deficient chicken brains. 
These results appear to be corroborated by rodent work indicating altered neuron 
development in the brains of choline-deficient rats. Work by Holmes-McNary and 
colleagues has shown rats born to choline-deficient dams exhibit increased apoptotic cells 
in the hippocampus (Holmes-McNary et al. 1997). Moreover, results from this study 
indicate that cells grown in choline-free media exhibit reduced proliferation and 
increased markers of apoptotic events, further suggesting the presence of choline is 
necessary for proper neurodevelopment.  
Adding to this phenomenon of altered cellular development, Craciunescu and 
colleagues observed decreased phosphocholine and phosphatidylcholine in fetal mouse 
brains from choline deficient dams (Craciunescu et al. 2003). Assessment of mitotic 
markers indicated decreased levels of phosphorylated histone H3 in the ventricular zone 
of the hippocampus in choline-deficient brains when compared with control and choline-
supplemented fetal brains. The choline-deficient fetal mouse brains also exhibited 
increased markers of apoptosis in the fimbria and dentate gyrus, both regions of the 
hippocampus. It is known that phosphatidylcholine is necessary as a lipid bilayer 
component, especially in neurons where it is suggested to comprise more than 50% of the 
cellular membrane (Zeisel and Niculescu 2006). Thus, the observed reduction in 
phosphatidylcholine may be a contributing factor to the altered mitotic events, as there 
may not be enough of this component to support further development of new neurons. 
These findings do not appear to be limited to the hippocampus, with effects also having 
been observed in cortical brain tissue. Wang and colleagues report prenatal choline 





progenitor cells, and altered epidermal growth factor signaling (Wang et al. 2016). 
Together these findings highlight the importance of choline for proper mitotic division 
and cellular maturation throughout the brain.  
The presence of choline in the brain also plays a pivotal role in the physical size 
of neurons. McKeon-O’Malley and colleagues observed decreased cross-sectional areas 
of medial septal neurons in nine-month-old rats whose dams were provided choline-
deficient diets during gestation (McKeon-O’Malley et al. 2003). In contrast, rats provided 
choline supplementation throughout the perinatal period exhibited increased neuron size 
in the medial septum throughout life when compared to control rats (Pyapali et al. 1998). 
These findings were corroborated in a study that observed increased soma size in the 
CA1 region of the hippocampus in progeny from choline-supplemented dams (Li et al. 
2004). Moreover, the rodents in this study that were exposed to choline supplementation 
exhibited more basal dendrite branches and increased proliferation of primary basal 
dendrites. Choline supplementation also elicited functional differences in the brain, with 
supplemented rodents exhibiting increased firing of action potentials and greater 
sustained excitability of neurons (Li et al. 2004). Functional alterations related to prenatal 
choline status were also observed in adult rodent hippocampal slices (Pyapali et al. 1998). 
Specifically, long-term potentiation induction was achieved in slices from control and 
choline supplemented brains slices, but not in slices derived from choline deficient brains 
(Pyapali et al. 1998).  
In parallel with development of brain tissue, angiogenesis is occurring to ensure 
adequate delivery of nutrients to the tissue. Mice that were born to choline-deficient dams 





endothelial cells, which resulted in a 25% reduction in blood vessels at embryonic day 17 
(Mehedint, Craciunescu, and Zeisel 2010). Findings from this study indicated increased 
von Willebrand factor VIII, a marker of endothelial cell maturity, in the hippocampi of 
choline-deficient mice. It was speculated that the early maturation of endothelial cells 
during a choline-deficient state resulted in more rapid differentiation, thereby reducing 
blood vessel development. Increased expression of two angiogenic signaling molecules, 
vascular endothelial growth factor C (VegfC) and angiopoietin-2 (Angpt2), was observed 
in neural progenitor cells and thus may have been the driving factors in the attenuation of 
blood vessel development (Mehedint, Craciunescu, and Zeisel 2010). Interestingly, 
assessment of CpG site methylation on VegfC and Angpt2 genes indicated 
hypomethylation in the choline-deficient brain tissue, suggesting an epigenetic 
mechanism through which choline influenced the observed structural alterations.  
Choline is a key component of the excitatory neurotransmitter, acetylcholine. As 
such, choline deficiency has been shown to reduce acetylcholine concentrations in the 
striatum of rat brains (Wecker and Schnidt 1979). In support of this finding, reductions in 
acetylcholine synthesis and decreased release of choline in bound forms have also been 
observed in hippocampal slices from choline-deficient rats (Wecker 1988). Ulus and 
colleagues observed decreased membrane phosphatidylcholine in striatal slices that were 
stimulated in media containing low amounts of choline (Ulus et al. 1989). Membrane 
phosphatidylcholine can be broken down to release free choline. As such, it was 
speculated that the observed decrease in phosphatidylcholine was used to aid in 
acetylcholine synthesis. The observations of reduced phosphatidylcholine in this study 





development or increase in membrane degradation during a choline deficient state, 
thereby promoting acetylcholine formation.  
 
Choline & Cognition 
Early-life choline status is known to have a lifelong influence on cognitive 
function (Meck and Williams 1997; Meck, Smith, and Williams 1988). While the work 
presented in this dissertation does not assess cognitive effects of choline, we briefly 
review it here, as these cognitive deficits are likely a result of altered structural brain 
development. In humans, assessment of perinatal choline consumption and its influence 
on the brain appear to be limited to cognitive assessments. One study provided evidence 
that children whose mothers were in the highest quartile of reported choline intake during 
their first and second trimesters exhibited higher visual memory scores at seven years of 
age compared with children whose mothers were in the lowest quartile (Boeke et al. 
2013). Interestingly, mean choline intake in this study was estimated at 335 mg/d and 328 
mg/d in the first and second trimesters, respectively (Boeke et al. 2013). These intake 
levels appear to be higher than the most recent estimates of choline intake for women of 
child-bearing age, which is estimated at 260 mg/day, yet they still do not meet the AI. 
Thus, it is possible that even greater cognitive disparities might be observed with a more 
representative sample of choline consumption among pregnant women across the United 
States.  
The Seychelles Child Development Nutrition Study is a prospective cohort study 
of children whose mothers exhibited high fish consumption during pregnancy. A recent 





metabolites, as well as cognitive development indices in five-year-old children enrolled 
in this study (Strain et al. 2013). Results from this study indicated that circulating betaine 
positively related to total language scores on the Preschool Language Scale, but choline 
and its metabolites did not relate to any other cognitive outcomes. While these findings 
are interesting, this study appeared to be limited by assessing current circulating 
concentrations of choline metabolites, rather than relating maternal choline status during 
gestation to children’s cognitive development.  
As discussed previously, choline can be ingested in many forms and the structural 
composition of the choline-containing compound may be a significant factor in 
influencing offspring development. A study by Cheatham and colleagues supplemented 
pregnant women with 750 mg/day of phosphatidylcholine for the last half of gestation 
and the first 90 days postpartum (Cheatham et al. 2012). Results from this study indicated 
no differences in infant cognition, at 10 or 12 months of age, between infants whose 
mothers received a phosphatidylcholine supplement and those whose mothers received a 
placebo. In contrast, a controlled feeding study by Caudill and colleagues provided 
women with meals containing 380 mg choline/day through dietary sources during their 
last trimester and either a daily 100 or 550 mg choline chloride supplement for a total of 
480 or 930 mg choline/day (Caudill et al. 2017). In this study, infants whose mothers 
ingested nearly twice the daily-recommended amount of choline exhibited better 
information processing speeds compared with infants whose mothers ingested 480 mg 
choline/day. Together these two studies may indicate sensitivity of choline dose and 





In rodents, supplementation of choline in the early postnatal period induced a 
lower threshold for long-term potentiation, which may aid in cognitive function (Li et al. 
2004). Rats that were provided choline supplementation in utero and in the early 
postnatal period performed better on 12- and 18-arm radial maze tests of spatial memory 
when compared with unsupplemented rats (Meck, Smith, and Williams 1988). 
Additionally, choline status in utero has been shown to affect spatial memory, assessed 
through 12-arm radial maze performance, and hippocampal plasticity in adult rats 
(Wong-Goodrich et al. 2008). This study noted choline supplementation later in life 
resulted in reduced spatial memory in aged rats that were exposed to choline deficiency 
in utero. Similarly, rats that were provided a choline-deficient diet later in life, but were 
exposed to a choline-sufficient environment in utero, also exhibited reduced spatial 
memory scores. Together, these findings suggest a potential effect of metabolic 
imprinting of choline, in which later-life brain function is primed for a choline 
environment similar to in utero exposure (Wong-Goodrich et al. 2008). Prenatal choline 
deficiency has also been shown to result in decreased performance on attention tasks in 
aged rats, as well as earlier age-related decline in temporal processing (Meck and 
Williams 1997). These findings of altered cognitive functioning later in life highlight the 
permanent implications of insufficient choline in utero. While potential structural 
mechanisms explaining these deficits in rodents have been suggested, there appears to be 
a dearth of literature in humans to assess potential structural alterations underlying the 








Despite the decades of research highlighting the importance of choline in brain 
development, more studies are needed to connect the known structural alterations 
observed in rodents with the observed cognitive disparities in humans. To date, most 
choline research that assesses morphological changes in brain development has been 
performed using invasive techniques in rodent models. While informative, these 
techniques are not feasible for use in humans, thus use of neuroimaging in the context of 
choline deficiency may provide information that can be translated to clinical practices. 
Moreover, brain development is a dynamic and heterogeneous process with multiple 
brain regions maturing at once, yet most choline research has only focused on 
hippocampal development. Therefore, a more global assessment of choline’s influence on 
the developing brain is warranted to identify other regions that may be susceptible to 
altered choline states early in life and underlie observed cognitive differences later in life. 
The pig appears to be an ideal model for choline deficiency research with similar 
physiological responses and milk choline profiles when compared with humans. Research 
suggests choline deficiency alters rat and human milk choline profiles. Provided the 
neonate relies on a sole source of nutrition through human milk or infant formula, it is 
imperative to comprehensively characterize the components of milk that are influenced 
during a choline-deficient state. Together, research of this nature will help to bridge the 
gap between rodent research and clinical populations, and identify aspects of brain 









Iron is an essential micronutrient that has critical physiological functions in the 
body. Despite being an essential nutrient, iron deficiency is the most pervasive 
micronutrient deficiency worldwide, afflicting nearly two billion people (World Health 
Organization 2001, 2017). Notably, there are three periods during which individuals are 
most susceptible to iron deficiency: the perinatal period, toddlerhood, and female 
adolescence (Georgieff 2011; McLean et al. 2009). Many acute effects of iron deficiency 
may be reversible with iron therapy, as noted most recently in iron-deficient women who 
exhibit increased cognitive functioning after iron supplementation (Murray-Kolb et al. 
2017). However, the developing brain is highly susceptible to insufficient iron status, and 
iron repletion may not be able to reverse alterations established early in life (Georgieff 
2011). There are many different etiologies for iron deficiency in the infant, with 
insufficient dietary iron being the focus of this review. However, it is worth mentioning 
that intestinal parasites, blood loss, and preterm delivery may also result in inadequate 
iron stores in the developing neonate (Rao and Georgieff 2007).  
Research pertaining to the physiological roles of iron is well established, yet the 
functions of iron in the brain are poorly understood. To date, many research studies have 
used rodents, pigs, and non-human primates to establish the mechanisms through which 
iron influences brain development. Despite this research, studies in humans 
predominately rely on blood-based indices of iron status and cognitive assessments to 
elucidate iron’s influence on the brain. However, recent research suggests blood 





depletes prior to peripheral blood (Georgieff 2017). Human studies predominately rely on 
animal studies to explain the mechanisms that underlie observed cognitive deficits. Thus, 
there is a need to identify non-invasive methods, sufficient for clinical populations, which 
quantify the effects of iron deficiency on the developing brain. In doing so, researchers 
will be able to better understand the mechanisms of altered structural brain development 
during iron-deficient states, and further connect established mechanisms elucidated 
through invasive techniques. Herein, we briefly review the sources of iron in food and 
milk, the physiological roles of iron, and the influence of iron on brain structure and 
cognitive function.  
 
Sources of Iron 
There are two forms of iron that are bioavailable for the body. Heme-iron, also 
known as ferrous iron, is commonly found in animal products, whereas non-heme iron, 
known as ferric iron, is commonly found in plant sources (Carpenter and Mahoney 1992). 
The most common form of iron ingested in the human diet is non-heme iron, although 
this form is much less bioavailable. Common dietary sources of iron include red meats, 
beans, lentils, soybeans, and oatmeal (USDA 2015). Additionally, many breakfast 
cereals, as well as infant cereals, are fortified with iron (Uauy, Hertampf, and Reddy 
2002). While iron can be ingested through foods, the only source of iron for an infant 
through four to six months of age is milk. The developing fetus rapidly accretes iron in 
the third trimester (Georgieff and Innis 2005), and it has been suggested that full-term 
infants are born with endogenous iron stores which are adequate for approximately four 





trimester, infants born preterm are often at risk for iron deficiency (Rao and Georgieff 
2007). Recommended daily allowances have been established for iron (Table 1.3), with 
pregnant women requiring 27 mg/day and lactating women needing only 10 mg/day 
(Institute of Medicine 2001). Because infants have endogenous stores of iron that were 
accreted throughout gestation, the adequate intake for a child from birth to six months of 
age is only 0.27 mg/day (Institute of Medicine 2001). Iron is present in human milk at 
concentrations ranging from 0.2-0.4 mg/L, whereas infant formula contains 4-12 mg/L 
(Institute of Medicine 2004). The source of iron plays a large role in the bioavailability of 
this compound, with 20-50% of iron from human milk being absorbed and only 4-20% 
from infant formula (Rao and Georgieff 2007). Moreover, iron in human milk is 
commonly bound to lactoferrin, a glycoprotein transport vessel, whereas iron in infant 
formulas tends to be in a free form (Lönnerdal, Georgieff, and Hernell 2015). The 
American Academy of Pediatrics recommends supplementation of iron-containing foods 
beginning between four and six months of age in all breastfed infants, as this is the time-
frame during which breastfed infants are susceptible to developing iron deficiency (Baker 
and Greer 2010). Further, it is suggested that infants are at an increased risk of 
developing iron deficiency if human milk or infant formula are discontinued and bovine 
milk is provided prior to one year of age or if insufficient supplementation of iron occurs 
(Rao and Georgieff 2007). In fact, one study suggests that supplementation of iron to 
breastfed infants starting at one month of age resulted in higher hemoglobin 
concentrations, decreased instances of iron deficiency, and improved neurodevelopmental 





be conducted to assess the implications of over-supplementation of iron, as too much iron 
may have toxic effects in the developing neonate.  
 
Iron & Physiology 
As noted above, iron is necessary for many physiological processes including 
erythropoiesis, DNA synthesis, and neurodevelopmental processes (Abbaspour, Hurrell, 
and Kelishadi 2015). While the focus of this review is on iron in the brain, we will briefly 
discuss iron deficiency and iron absorption below. Iron deficiency is defined as an 
insufficiency of iron in the body, which can then progress to iron deficiency anemia 
(Bermejo and García-López 2009). Iron deficiency anemia results from inhibition in red 
blood cell development, thereby reducing oxygen carrying capacity in the blood 
(Bermejo and García-López 2009). Notably, serum concentrations of transferrin and 
ferritin, iron transport proteins that are common markers of iron deficiency, tend to 
decrease prior to clinical diagnosis of iron deficiency anemia, observed as reduced 
hemoglobin. An elevated zinc protophoryin-to-hemoglobin ratio also indicates 
inadequate iron status (Rao and Georgieff 2007). Hepcidin is a protein that regulates 
transport of iron out of the enterocyte and is known to decrease when iron stores in the 
body are insufficient, thereby promoting iron transport into circulation (Hernell et al. 
2015). Evaluation of serum hepcidin concentrations may also aid in identifying iron 
status in the infant, although this is less commonly used in clinical settings. 
It has been suggested that maternal hemoglobin concentrations below 85 g/L may 
negatively influence fetal iron stores (Georgieff and Innis 2005). At birth, serum ferritin 





possible brain iron deficiency (Rao and Georgieff 2007), while circulating hemoglobin 
levels less than 110 g/L is indicative of iron deficiency anemia in 6-24 month old infants 
(Hernell et al. 2015). Decreased iron stores in the developing neonate are commonly 
observed in instances of maternal iron deficiency, intrauterine growth retardation, 
gestational diabetes, maternal hypertension, maternal smoking, and premature delivery 
(Georgieff and Innis 2005). In cases of increased oxygen use by the fetus, iron is 
prioritized for red blood cell development at the expense of brain development (Georgieff 
and Innis 2005), and iron transfer across the placenta is not upregulated to account for the 
increased use of iron. 
Infants experience physiologic anemia in the first few months after birth when the 
fetal hemoglobin cells undergo lysis in parallel with erythropoiesis (Rao and Georgieff 
2007). The iron that is released during this event is stored as ferritin and is sufficient to 
last approximately four to six months in the infant. The American Academy of Pediatrics 
recommends that infants between nine and 12 months of age be screened for iron 
deficiency, followed by a second screening six months later (Baker and Greer 2010). 
However, in preterm infants, screening should be started by four months of age (Baker 
and Greer 2010; Rao and Georgieff 2007). It is suggested that homeostatic regulation of 
iron absorption is not mature until approximately nine months of age, and mechanisms of 
iron absorption early in life are less defined (Lönnerdal, Georgieff, and Hernell 2015).  
Iron is absorbed in the small intestine with ferrous iron presenting as the most 
bioavailable form absorbed into the enterocyte. In contrast, ferric iron must be reduced, 
often by vitamin C, prior to absorption (Hallberg, Brune, and Rossander 1986). Divalent 





facilitates transfer of ferrous iron into the body (Lönnerdal, Georgieff, and Hernell 2015). 
Ferroportin is then responsible for the transport of iron from the enterocyte into 
circulation (Lönnerdal, Georgieff, and Hernell 2015). Transferrin receptors are 
responsible for absorption of iron into brain and body tissues, with increased expression 
of these receptors in iron-deficient states (Hernell et al. 2015). It has also been suggested 
that DMT1 plays a role in absorption of iron into the brain (Bastian et al. 2016). Once 
absorbed into the body, iron is predominately bound to ferritin as a storage form, or 
transferrin once the iron is in circulation (Hernell et al. 2015). It is known that the 
absorption of iron into the brain is spared at the expense of maintaining blood iron 
concentrations during states of iron insufficiency (Georgieff 2017). Thus, while 
peripheral markers of iron deficiency are commonly used in clinical settings, these blood-
based indices of iron status often do not predict brain iron content (Georgieff 2017). 
Provided the brain may be influenced by inadequate iron supply prior to clinical 
indications of iron deficiency, there is a need to establish non-invasive techniques to 
characterize brain iron concentrations in at-risk populations.  
 
Iron & Brain Structure 
Iron is necessary for many neurodevelopmental processes including myelination 
(Todorich et al. 2009), synthesis of neurotransmitters (Lozoff et al. 2011), angiogenesis 
(Bastian et al. 2015), and hippocampal development (Georgieff and Innis 2005). Because 
the pig has been used extensively in iron deficiency research, we will first discuss 
assessments of iron deficiency in rodents and humans followed by studies specific to the 





alterations in neurodevelopment across all species. However, the use of neuroimaging in 
the pig has begun to bridge the gap between invasive mechanistic assessments in rodents 
and techniques employing surface electrophysiological recordings and cognitive 
assessments in humans.  
The presence of iron in the brain is critical for proper myelin development 
(Todorich et al. 2009). In the brain, myelin is formed from oligodendrocytes, which 
require iron for initial formation (Connor and Menzies 1996). Iron is also critical for 
other myelinating events as it is needed for fatty acid synthesis (Lozoff and Georgieff 
2006), maintaining cellular metabolism, and cholesterol utilization (Connor and Menzies 
1996). Decreased myelin concentrations have been observed in the cerebellum and spinal 
cord of rats that were exposed to perinatal iron deficiency (Yu et al. 1986). Prenatal iron 
deficiency in rats indicated reduction in corpus callosum diameters, which may also 
indicate reduced myelin synthesis in this brain region (Greminger et al. 2014). 
Additionally, postnatal iron deficiency resulted in reduced concentrations of myelin basic 
protein (MBP) and 2’3’-cyclic nucleotide 3-phosphohydrolase (CNPase) in developing 
rats (Beard, Wiesinger, and Connor 2003). Adding to this study, rats that were exposed to 
perinatal iron deficiency also exhibited a reduction in CNPase activity in subcortical 
white matter, further indicating attenuation in myelin development (Wu et al. 2008). Both 
MBP and CNPase increase as myelination occurs, and as such, reduced concentrations of 
these molecules suggest an alteration of myelinating events during an iron-deficient state.  
As mentioned previously, iron is necessary for cellular metabolism as well as 
synthesis of neurotransmitters (Connor and Menzies 1996; Lozoff et al. 2011). In fact, 





brain, which may indicate reduced capacity for energy metabolism in highly-metabolic 
regions (Georgieff 2011). Analysis of cerebrospinal fluid in monkeys that were iron 
deficient also indicated reduced metabolic activity (Rao et al. 2013). Rao and colleagues 
noted reductions in the ratios of citrate:pyruvate, citrate:lactate, and pyruvate:glutamine 
in iron-deficient monkeys compared with control monkeys (Rao et al. 2013). 
Interestingly, these ratios were not different from controls after a period of iron repletion, 
indicating that iron therapy may be able to correct some brain-related metabolic 
symptoms associated with iron deficiency. Iron is also important for monoamine 
metabolism and a deficiency in this micronutrient is suspected to alter monoamine 
synthesis, resulting in altered cognitive functioning (Lozoff et al. 2011). Notably, rats that 
were exposed to early-life iron deficiency exhibited decreased serotonin transporters and 
reductions in sensorimotor function in adulthood (Felt et al. 2006). In this study, Felt and 
colleagues also noted reduced iron content in the thalamus of adult rats. The observed 
reductions in cellular metabolism as well as neurotransmitter synthesis may underlie 
observed cognitive deficits during iron-deficient states.  
Early in brain development, neurons grow and increase in size and dendrites 
lengthen and branch. Quantification of total hippocampal volumes and subfields within 
the hippocampus indicate reduced volumes in rodents that were exposed to prenatal, 
postnatal, and perinatal iron deficiency (Ranade et al. 2008; Ranade et al. 2013). It has 
been speculated that reductions in glial cell production as well as reduced neurogenesis in 
the hippocampus may be the underlying mechanism for the observed volumetric 
reductions. In hippocampal cell culture, decreased dendritic arborization as well as 





chelating compound (Bastian et al. 2016). Jorgenson and colleagues observed similar 
results in rodents that were exposed to perinatal iron deficiency followed by dietary iron 
repletion into adulthood (Jorgenson, Wobken, and Georgieff 2003). In a separate study, 
rats that were exposed to perinatal iron deficiency exhibited shortened dendrites in the 
hippocampus throughout life, indicating the inability of iron repletion to induce 
compensatory growth in the hippocampus (Jorgenson, Wobken, and Georgieff 2003). 
Rats exposed to iron deficiency in utero also exhibited reductions in hippocampal 
dendritic lengths, and decreased dendrite branching complexity in cortical neurons 
(Greminger et al. 2014). Iron deficiency does not appear to only affect neurogenesis, as 
elevated blood vessel densities and increased expression of angiogenic genes have been 
observed in the hippocampus and the cortex of rats (Bastian et al. 2015).  
In humans, invasive assessments present ethical limitations; therefore, many 
studies rely on cognitive assessment and electrophysiological surface recording 
techniques to elucidate the effects of iron deficiency. Studies assessing auditory 
brainstem responses and visual-evoked potentials noted longer latencies in iron-deficient 
infants (Roncagliolo et al. 1998) and in four-year-old children that were previously iron 
deficient (Algarín et al. 2003). These findings suggest persistent structural alterations, 
which may be due to reduced myelination in the previously iron-deficient children. Using 
electroencephalography to measure brain waves during sleep, researchers showed 
increased slow wave and decreased rapid wave patterns in iron-deficient anemic infants 
compared with age-matched controls (Otero et al. 2017). Interestingly, iron therapy in the 
iron-deficient anemic infants was able to recover the developmental discrepancies, 





development. While these techniques begin to shed light on the underlying mechanisms 
of iron deficiency, they are limited in their structural resolution for defining altered brain 
regions.  
Magnetic resonance imaging is a non-invasive technique that allows for 
assessment of macrostructural, microstructural, and neurochemical development. In fact, 
MRI has been used to assess magnetic susceptibility of brain tissue, which is known to 
change as iron content changes within the tissue. Notably, gray matter and white matter 
appear to have different magnetic susceptibility properties throughout life, indicating 
differences in concentrations of iron-containing compounds (Li et al. 2014). Quantitative 
susceptibility mapping (QSM) is a non-invasive neuroimaging technique that assesses 
magnetic properties of brain tissue, and is sensitive to iron-containing compounds in the 
tissue (Wang and Liu 2015). In fact, QSM has shown alterations in brain iron content in 
individuals with restless-leg syndrome (Li et al. 2016) and β-thalassemia (Qiu et al. 
2014). Moreover, this technique may serve as a non-invasive assessment of particular 
brain regions that are rich in iron content. Identification of iron-rich regions using non-
invasive techniques will help to illuminate areas that might be most vulnerable to early-
life iron deficiency. As evidence of this, increased iron content in the caudate, assessed 
using QSM, has been shown to be positively related to spatial IQ scores in 7-to-11-year-
old children (Carpenter et al. 2016). Additionally, QSM has shown hemispheric iron 
concentrations differ in adults, indicating increased iron concentrations in the left 
hemisphere (Xu, Wang, and Zhang 2008). 
Diffusion tensor imaging is a neuroimaging technique that measures 





development and myelination (Le Bihan et al. 2001). Using diffusion tensor imaging, 
researchers discovered that fractional anisotropy (FA) measures in two-week-old infants 
correlated to reported maternal dietary iron intake (Monk et al. 2016). Notably, voxel-
wise comparisons of FA values indicated higher maternal iron intake related to lower FA 
values. These findings may help to non-invasively identify structural alterations that 
occur in the developing infant brain as a result of maternal dietary iron ingestion.  
 
Iron Deficiency in the Pig 
The pig is a well-established model for assessing early-life iron deficiency and its 
effects on the developing brain. Herein we review all neurodevelopmental iron deficiency 
studies in the pig and provide specifics of each study in Table 1.4.  
A study assessing iron deficiency in pigs provided either a severely iron-deficient 
(10 mg iron/kg milk solids), a moderately iron-deficient (25 mg iron/kg milk solids), or a 
control milk replacer (100 mg iron/kg milk solids) from birth until four weeks of age 
(Rytych et al. 2012). Notably, in this study control pigs were the only pigs to be provided 
the standard iron dextran shot that is commonly provided in agricultural practices. Pigs 
that were provided severely iron-deficient diets for the first four weeks of life exhibited 
decreased learning in the spatial T-maze assessment, whereas mildly iron-deficient pigs 
exhibited learning similar to control pigs (Rytych et al. 2012). Further analyses indicated 
that both levels of iron deficiency resulted in increased movement and longer latency to 
choice, suggesting alterations in dopaminergic pathways of these pigs. Quantification of 
brain iron content indicated reduced iron in the hippocampus of iron-deficient pigs, 





Interestingly, expression of transferrin receptor mRNA was reduced in the prefrontal 
cortex, but not the hippocampus, of pigs receiving iron-deficient diets. However, MRI 
indicated no differences in whole-brain or hippocampal volumes due to dietary iron 
status. Adding to this work, Schachtschneider and colleagues (Schachtschneider et al. 
2016) observed upregulated expression of hippocampal genes related to hypoxia, 
angiogenesis, and blood-brain-barrier permeability and decreased expression of genes 
responsible for vasoconstriction in iron-deficient pigs. Moreover, iron-deficient pigs 
exhibited downregulation of genes that were related to neuron growth and expansion as 
well as genes expressed in response to stress. These findings suggest that the lack of 
dietary iron early in life may permanently alter gene expression in the developing brain, 
and could underlie the mechanisms for observed structural and functional changes later in 
life.  
In a follow-up study, Leyshon and colleagues (Leyshon et al. 2016) used more 
sensitive MRI measures to characterize the effect of early-life iron deficiency on brain 
development. Results from this study corroborated the lack of effects of iron deficiency 
on brain volume observed previously (Rytych et al. 2012), though a global reduction in 
white matter volumes was observed in pigs receiving the iron-deficient diet (10 mg 
iron/kg milk solids). Voxel-based morphometric analysis revealed decreased white matter 
volumes in iron-deficient pigs, whereas gray matter was increased or decreased on a 
regional basis when compared with control pigs (100 mg iron/kg milk solids). Diffusion 
tensor imaging indicated decreased FA values of the whole brain and corpus callosum in 
iron-deficient pigs. Fractional anisotropy is generally used as an indicator of myelination 





decreased myelination. Further analysis using histological staining indicated decreased 
corpus callosum width in iron-deficient pigs, thereby suggesting the micronutrient 
deficiency altered development of this region. Hippocampal development also appeared 
to be altered where iron-deficient pigs exhibited decreased diffusion tensor-measured 
radial and mean diffusivities, suggesting decreased cellularity or myelination in this 
particular region. From this study, magnetic resonance spectroscopy revealed altered 
hippocampal concentrations with myo-inositol decreasing and phosphocholine increasing 
in iron-deficient pigs, which may indicate decreased astrocytic activity and altered 
myelination, respectively. Together these sensitive MRI observations by Leyshon and 
colleagues serve to support the cognitive deficits previously quantified through 
behavioral assessments.  
Iron deficiency not only alters cognitive function early in life, but also appears to 
have lasting implications even when an iron-replete diet is provided later in life. In one 
such longitudinal assessment, pigs were provided an iron-deficient (21 mg iron/kg milk 
solids) or control (88 mg iron/kg milk solids) milk replacer from birth until four weeks of 
life, and then all pigs were switched to an iron-replete diet (190-240 mg iron/kg diet) 
from 4-to-12 weeks of age (Antonides et al. 2015). Using the spatial cognitive hole-board 
task to assess long-term memory, it was observed that early-life iron-deficient pigs 
exhibited impaired long-term memory compared with control pigs, despite exhibiting no 
clinical signs of iron deficiency at the time of behavioral testing. Hippocampal analysis at 
12 weeks of age revealed early-life iron-deficient pigs had fewer iron-containing cells in 





This study reveals the lifelong implications of early-life nutrient deficiencies in the 
developing brain, despite dietary rehabilitation to correct for known deficiencies.  
Further assessment of hippocampal tissue harvested from the pigs in the 
previously mentioned study indicated differences in hippocampal protein expression 
between dietary treatment groups. Analysis of the dorsal hippocampus indicated iron-
deficient pigs exhibited increased mature BDNF and pro-BDNF fragments, and an 
increase in the ratio of phosphorylated-CREB to cAMP response element binding protein 
(CREB) concentrations in previously iron-deficient pigs compared with control pigs 
(Nelissen et al. 2017). This is in contrast to tissue analysis of the ventral hippocampus, 
which indicated decreased concentrations of BDNF and pro-BDNF fragments, and a 
decreased ratio of phosphorylated CREB-to-CREB in iron-deficient pigs. Interestingly, 
assessment of the prefrontal cortex indicated no differences in BDNF expression between 
the two treatment groups, which may indicate a sensitivity of the hippocampus to early-
life iron deficiency. These observed differences in BDNF expression related to iron 
deficiency early in life may indicate alterations in hippocampal plasticity, which underlie 
cognitive functions.  
Porcine milk is known to have low iron concentrations, and as such, it is common 
agricultural practice to supplement pigs with an iron dextran injection to deliver 
approximately 250 mg of iron within a few days of birth. As a follow-up study to their 
artificially-reared iron-deficient pigs, Antonides and colleagues (Antonides et al. 2016) 
assessed iron deficiency in pigs that were maternally-reared and then provided iron-
replete feed from 4-to-16 weeks of life. Sibling pairs were divided into two groups: iron-





administration at day 3 and 10 of life) and allowed to ingest maternal milk throughout the 
28-day pre-weaning period. Hematocrit and hemoglobin levels did not change throughout 
the pre-weaning period and were lower in iron-deficient pigs than controls. Serum iron 
was also lower compared with control animals and increased throughout the pre-weaning 
period. Despite the lower concentrations of blood hematocrit, hemoglobin, and iron, the 
iron-deficient pigs did not exhibit clinical signs of anemia and all levels recovered to 
normal during the 8-week post-weaning period. Analysis of pig spatial memory at ten 
weeks of age indicated early-life non-anemic iron deficiency did not alter pig 
performance in the spatial hole-board task. Therefore, this study suggests that despite the 
low concentrations of iron in sow’s milk, it was not enough to induce iron deficiency 
anemia, and thus, the maternally-reared pig may not be an ideal model of iron deficiency. 
Together with their previous findings, Antonides and colleagues concluded that early-life 
iron deficiency anemia may be a sensitive indicator for long-term cognitive and 
physiological deficits.  
In addition to the work by Antonides and colleagues, research suggests a bolus 
supplementation of iron dextran may have biological implications for pig brain 
development. As discussed previously, it is common practice to administer supplemental 
iron to pigs as iron dextran shortly after birth. However, a recent study suggests that 
providing 200 mg of iron dextran via intramuscular injection altered expression for genes 
involving neuron pathways, immune function, neuropeptide synthesis, and neuropeptide 
receptors (L. Gan, Yang, and Mei 2017). Thus, providing this bolus injection of iron may 





These studies provide evidence that the pig is a sufficient biomedical model to 
assess the effects of iron deficiency on the developing brain. From these studies, it is 
clear that differences in brain development can be determined at a molecular level, non-
invasively through neuroimaging, and functionally through cognitive assessments. 
Moreover, work in the pig provides evidence of persistent anatomical changes in the 
brain even after a period of iron repletion.  
 
Iron & Cognition 
Research in humans and animal models indicates lifelong deficits in cognitive 
function as a result of early-life iron deficiency (Georgieff 2011; Radlowski and Johnson 
2013). While the work presented in this dissertation does not assess cognitive effects of 
iron, we briefly review it here as these cognitive deficits are likely a result of altered 
structural brain development.  
Iron deficiency during infancy is related to delayed cognitive development later in 
life. One study indicates infants with low cord blood ferritin levels were more likely to 
exhibit delayed neurodevelopment at school age (Tamura et al. 2002). Moreover, early-
life iron deficiency or iron-deficiency anemia in human infants resulted in delayed motor 
development in infants at nine months of age (Shafir et al. 2008). At ten years of age, 
formerly iron-deficient children exhibited reduced latencies and smaller mean amplitude 
on specific waveforms assessed through event-related potentials compared with age-
matched controls, indicating alterations in cognitive function (Congdon et al. 2012). By 
19 years of age, previously iron-deficient children exhibited altered recognition memory 





deficient in infancy (Lukowski et al. 2010). Finally, in the mid-twenties, individuals who 
were previously iron deficient exhibited poorer emotional health (Lozoff et al. 2013). 
Interestingly, research in rhesus monkeys suggests the timing of iron deficiency 
may influence the type of behavioral abnormalities observed later in life. It has been 
suggested that a prenatal deficiency leads to more impulsive behaviors, whereas postnatal 
deficiency results in withdrawn and passive behaviors (Golub 2010). As noted above, 
decreased spatial learning has been observed in pigs that were iron deficient early in life 
and cognitively assessed at both four-weeks of age (Rytych et al. 2012) and 12-weeks of 
age (Antonides et al. 2015). While an extensive assessment of iron-related cognitive 
deficits in rodents is beyond the scope of this review, iron deficiency has been shown to 
result in poorer performance on novel object recognition tasks (Greminger et al. 2014), 
impaired trace-eyeblink conditioning (McEchron et al. 2008), poorer spatial water maze 
performance (Felt et al. 2006), and cause sensorimotor deficits (Felt et al. 2006). The 
bulk of the research suggests that cognitive deficits related to iron deficiency are in part 
due to alterations in dopaminergic function (Lozoff et al. 2011), mounting evidence 
described above suggests persistent structural and even genetic changes may underlie 
these deficits as well.  
 
Conclusions and Future Directions 
It is evident from the studies reviewed herein that iron is pivotal for proper 
neurodevelopment. Decades of research have helped to identify underlying 
morphological and neurochemical changes that occur in iron insufficient states. However, 





clinical populations. Thus, there is a need to use non-invasive methodologies such as 
neuroimaging to close the gap between human and rodent research. Through the use of 
MRI technologies, a more global assessment of iron’s influence on the brain can be 
performed. This is imperative as previous research indicates the timing of iron deficiency 
and iron repletion may differentially influence underlying brain structures. Thus, this 
research may help to identify developmental windows during which particular brain 
regions are most vulnerable to inadequate dietary iron. It is clear that the pig is a suitable 
model for dietary iron deficiency and is amenable to neuroimaging assessments. Research 
of this nature stands to have a global impact, as iron deficiency remains the most 
pervasive micronutrient deficiency worldwide.  
 
1.4 OVERALL CONCLUSIONS 
In an effort to advance the use of the biomedical pig model and increase the 
understanding of nutrition’s influence on the developing brain, the work in this 
dissertation will focus on two micronutrients of global importance: choline and iron. 
These micronutrients have a variety of physiological roles in the developing brain, yet 
individual studies assessing the specific effects of these micronutrients often focus on one 
particular mechanism of action for each nutrient. Moreover, studies in animal models are 
often limited to a single brain region, thereby neglecting global influences of these 
nutrients in the brain. Thus, there is a need to better characterize the effects of iron and 
choline deficiencies on multiple brain regions, at both macrostructural and 
microstructural levels. While collection and analysis of brain tissue is vital to 





such, there is a need to identify non-invasive and translational techniques, which can be 
used to sensitively assess the influence of dietary interventions across animal and human 
studies. Assessments of this nature, within a single study, will begin to provide a more 
robust profile of the roles of specific nutrients in neurodevelopment.  
1.5 SPECIFIC AIMS 
Experiment 1. How does perinatal dietary CD influence pig brain development and 
sow milk composition? 
Increasing evidence suggests choline is essential for proper development of the 
neonate, yet many women do not ingest adequate amounts to maintain this physiological 
need. Moreover, it is unclear if there is a critical window within the perinatal period 
during which the brain is most susceptible to dietary choline deficiency. Specific aims 1 
and 2 purpose to 1) identify whether prenatal or postnatal dietary choline deficiency is 
more influential on brain development and 2) use a non-invasive measure for assessment 
of macrostructural and microstructural changes in brain development related to dietary 
choline deficiency.  
Provided human milk is accepted as the optimal form of nutrition for the 
developing infant, and considering lactating women are at an increased risk of choline 
deficiency, there is a need to understand how choline deficiency influences milk 
composition. The intent of specific aim 3 is to characterize the composition of choline 
metabolites, fatty acids, and amino acids in expressed milk from choline-sufficient and 
choline-sufficient sows throughout lactation. By elucidating choline’s influence on milk 







Specific Aim 1. How does perinatal choline deficiency influence brain volume, 
neurometabolites, and microstructural water movement? 
Evidence suggests choline is essential for proper brain development and limited 
choline throughout the perinatal period may lead to cognitive deficits later in life. 
Research in rodent models has shown rats born to choline-deficient dams exhibit altered 
hippocampal structure and function and choline deficiency prenatally diminishes neural 
progenitor cell mitosis and increases apoptosis in the rat hippocampus. While evidence 
for choline in the brain is abundant in rodent models, these models are limited in their 
similarity in brain development and nutrient absorption to humans, and these studies 
largely focus on hippocampal development. Moreover, there has been no research 
assessing the effects of perinatal choline status on whole-brain development, and it 
remains to be elucidated whether prenatal or postnatal choline deficiency has more 
profound effects on neurodevelopment. Thus, due to choline’s many physiological 
functions, this aim hypothesizes that perinatal choline deficiency will have global affects 
on brain volume and myelination as assessed through magnetic resonance imaging.  
 
Specific Aim 2. Are gray matter & white matter development influenced by timing of 
choline deficiency?  
Perinatal choline deficiency has been shown to have a profound influence on the 
developing brain, with a deficiency prenatally appearing to have more of an effect in the 
young pig. Notably, dietary prenatal choline deficiency in the pig results in altered brain 





in rodents indicating prenatal dietary choline deficiency decreases numbers of radial glial 
cells and intermediate progenitor cells, resulting in reduced upper layer cortical thickness 
in choline-deficient rats. Research also suggests dietary choline deficiency influences 
proliferation of progenitor cells and induces apoptosis in the hippocampus. Additionally, 
choline supplementation in rodents has been shown to influence shapes and size of 
hippocampal neuron, thus suggesting the importance of this micronutrient for proper 
cellular development. Rodent work shows a clear influence of choline deficiency on 
neural development. However, it remains to be elucidated if regions other than the cortex 
and hippocampus exhibit similar effects, and if gray matter and white matter are 
differentially affected. Thus, this aim hypothesizes that prenatal dietary CD in the pig 
will result in altered cortical gray and white matter concentrations as assessed by 
magnetic resonance imaging. 
 
Specific Aim 3. What are the effects of perinatal choline deficiency on sow milk profiles 
throughout lactation? 
A large body of research supports the need for choline throughout gestation, yet 
little is known about the impact of dietary choline inadequacy during lactation. Analysis 
of rat milk indicates decreased phosphocholine concentrations in dams fed a choline-
deficient diet, whereas choline supplementation in lactating women appears to increase 
metabolites derived from the phosphatidylethanolamine methyltransferase pathway. 
Although knowledge of choline metabolites present in milk is important, it is also 
necessary to understand whether maternal dietary choline intake throughout the perinatal 





no study has comprehensively characterized the nutrient profile of milk from choline-
deficient mothers. Thus, this aim hypothesizes that choline deficiency during lactation 
will alter choline metabolites as well as fatty acids and amino acids in sow milk. 
 
Experiment 2. What are the effects of postnatal iron deficiency on brain 
development, and does iron repletion later in life reverse any observed effects? 
It is clear that iron sufficiency is essential for proper development of the neonate. 
Provided iron’s many physiological roles in neurodevelopment, a deficiency in this 
micronutrient during critical developmental windows may alter the trajectory of brain 
development. To date, many cross-sectional animal studies have assessed the influence of 
iron on the developing brain, and human studies are limited to associations between 
early-life iron status and later-life cognitive outcomes. While it is clear from human and 
animal studies that early-life iron deficiency can result in structural changes and even 
cognitive deficits, it is unclear whether iron repletion later in life can reverse these 
effects. To begin to elucidate these effects, the following set of specific aims will utilize 
the biomedical pig model, which is well-established model for early-life iron deficiency. 
This set of experiments is novel in that they will provide non-invasive and translatable 
measures of brain development in the context of a dietary iron deficiency and later-life 
iron sufficiency. The following specific aims propose to 1) characterize the effects of 
early-life ID at four weeks of age using in-vivo neuroimaging techniques and 2) assess 
the influence of later-life iron repletion on neurodevelopment using the same imaging 






Specific Aim 4. What are the effects of postnatal iron deficiency on brain volume and 
development of gray and white matter at four weeks of age? Does dietary iron repletion 
from 4-to-8 weeks of age reverse observed effects of early-life iron deficiency?  
Total brain volume, quantified using neuroimaging techniques, does not appear to 
be influenced by postnatal iron deficiency. However, more fine-tuned MRI techniques 
indicate iron deficiency in pigs results in altered gray and white matter tissue 
concentration and altered inositol and phosphocholine concentrations at four weeks of 
age. Diffusion tensor imaging measures in these pigs indicated decreased fractional 
anisotropy in the corpus callosum and whole brain, and increased radial, mean, and axial 
diffusivity in the hippocampi and thalamus. Neuroimaging assessments in newborn 
human infants (approximately 2 weeks of age), indicated higher maternal-reported iron 
intake and higher cord blood ferritin related to lower fractional anisotropy value in 
cortical gray matter. Studies in rodents and humans indicate lower early-life iron status is 
associated with cognitive deficits later in life, thus suggesting structural changes early in 
life persist later in life. While it is clear that perinatal iron deficiency results in altered 
brain structure in pigs and humans, it remains to be elucidated how a later-life iron-
replete diet might influence these observed structural changes. Thus, this aim 
hypothesizes that provision of an iron-replete diet from 4-to-8.5 weeks of life in the pig 
will not be able to completely correct observed structural differences at four weeks of 
age. 
 
Specific Aim 5. Can neuroimaging techniques be used to characterize alterations in brain 





In clinical practice, it is most common to diagnose iron deficiency using 
hematological biomarkers for iron status. While informative and relatively non-invasive, 
hematological indices of iron status often do not predict brain iron content, as the brain 
tends to deplete prior to blood tissue. Provided the potential long-term effects of iron 
deficiency on brain structure and function, there is a need to identify ways in which brain 
iron content can be assessed through non-invasive measures. Quantitative susceptibility 
mapping (QSM) is an MRI method that has been used to quantify altered iron status in 
clinical cases of restless leg syndrome and β-thalassemia, thus it is possible that these 
methods may be able to sensitively detect altered brain iron status in cases of dietary iron 
deficiency. In fact, a recent neuroimaging study that used QSM in children found that 
brain iron content in the caudate nucleus related to performance on spatial IQ tests, 
thereby offering insight into brain regions that may underlie cognitive differences due to 
iron status. This aim hypothesizes that QSM will sensitively detect alterations in brain 
iron status as a result of early-life iron deficiency.  
1.6 TABLES 







Table 1.1 Analytical techniques used in pig developmental neuroscience 
Technique Definition Dietary Sensitivity (References) 
Magnetic Resonance Imaging       Voxel-based morphometry Comparison of gray or white matter tissue volumes 
on a voxel-by-voxel basis between treatment groups. 
Reported as edge-connected voxel clusters which 
may span multiple brain regions.  
Milk protein concentrate [enriched with 
phospholipids and gangliosides] (Liu et al., 2014) 
Milk fat globule membrane and lactoferrin (Mudd 
et al., 2016) 
Iron deficiency (Leyshon et al., 2016) 
Small-for-gestation age (Radlowski et al., 2014) 
    Volumetric analysis Defines absolute (mm3) or relative (% total brain 
volume) volumes for distinct brain regions which 
are then compared between treatment groups. 
Includes both gray and white matter in individual 
brain regions.  
Milk protein concentrate [enriched with 
phospholipids and gangliosides] (Liu et al., 2014) 
Milk fat globule membrane and lactoferrin (Mudd 
et al., 2016) 
Small-for-gestation age (Radlowski et al., 2014) 
    Diffusion tensor imaging Characterizes microscopic water movement within 
the brain which can help to infer structural changes 
such as, myelination, fiber coherence, and changes 
in neuron size. Reported as axial diffusivity 
(movement parallel to magnetization gradient), 
radial diffusivity (movement perpendicular to 
magnetization gradient), mean diffusivity (overall 
water movement), and fractional anisotropy 
(measure of rate and direction of water movement) 
for distinct brain regions.  
Alpha-lipoic acid (Mudd et al., 2016) 
Milk fat globule membrane and lactoferrin (Mudd 
et al., 2016) 
Iron deficiency (Leyshon et al., 2016) 
Small-for-gestation age (Radlowski et al., 2014) 
    Tract-based spatial statistics Characterizes diffusion tensor measures along pre-
defined white matter tracts.  
Alpha-lipoic acid (Mudd et al., 2016) 
    Magnetic resonance spectroscopy  Quantifies neuro-metabolites (parts per million) 
within a specified voxel. 
Iron deficiency (Leyshon et al., 2016) 
 
Behavioral Techniques   
    Home cage  Used to assess daily bouts of activity and rest. May 
be useful in characterizing repetitive behaviors.  
Preterm pig (Andersen et al., 2016) 
    Open field  Assessment for anxiety-like behavior in which 
measures exploration and vocalization are observed.  







Table 1.1 (cont.) 
    Spatial T-maze Assessment of discrimination and spatial learning 
and memory in which pigs use visual cues to learn 
the location of a food reward 
Milk protein concentrate [enriched with 
phospholipids and gangliosides] (Liu et al., 2014) 
Iron deficiency (Rytych et al., 2012) 
Small-for-gestation age (Radlowski et al., 2014) 
    8-arm radial maze Assessment of discrimination and spatial learning 
and memory in which pigs use visual cues to learn 
the location of a food reward 
Sialic acid (Wang et al., 2007) 
     
Cognitive hole-board 
 
Assessment of spatial learning and memory in which 
habituation, reference memory, search strategies, 
exploration, and anxiety-related behaviors can be 
assessed. 
 
Iron deficiency (Antonides et al., 2015) 
Molecular Assessments   
    Gene, mRNA, and protein 
expression 
Allows for characterizations in transcription and 
translation due to dietary treatment 
Sialic acid (Wang et al., 1998; Wang et al., 2007) 
Lactoferrin (Wang et al., 2007; Yang et al., 2014) 
Iron deficiency (Rytych et al., 2012) 
Betaine (Sun et al., 2016) 
Protein deficiency (Barnes et al., 1979) 
    Fatty acid profiling Used to quantify changes in fatty acid composition 
within the brain  
Various fatty acid supplementations (see reviews 
by Innis 2007 & 2008) 
    Histological staining Allows for visual characterization of structural 
changes in distinct brain regions 
Lactoferrin (Chen et al., 2015) 
Iron deficiency (Leyshon et al., 2016; Antonides et 
al., 2015) 
    Stable isotope labeling Characterizes accretion of labeled dietary 
compounds in brain tissue 






Table 1.2 Choline requirements in humans (mg/day)1 
Age Male Female 
0-6 months 125 125 
7-12 months 150 150 
1-3 years 200 200 
4-8 years 250 250 
9-13 years 375 375 
14-18 years 550 400 
19-70+ years 550 425 
Gestation2 - 450 
Lactation2 - 550 
1Requirements per the Institute of Medicine (Institute of 
Medicine 1998). 






Table 1.3 Iron requirements in humans (mg/day)1 
Age Male Female 
0-6 months 0.27 0.27 
7-12 months 11 11 
1-3 years 7 7 
4-8 years 10 10 
9-13 years 8 8 
14-18 years 11 15 
19-50 years 8 18 
51+ years 8 8 
Gestation  
14-18 years - 27 
19-50 year - 27 
Lactation  
14-18 years - 10 
19-50 years - 9 







Table 1.4 Summary of pig iron-deficiency studies1 
Author (Year) 
Intervention 
N (age at end 
of study) 
Intervention Analyses  (age of assessment) Results 
Rytych et al. 
(2012) 
Deficiency 
N = 24 (4wk) 
CONT: 100 mg Fe/kg milk 
solid  
MID: 25.0 mg Fe/kg milk solid 
SID: 10.0 mg Fe/kg milk solid 
(*Only control group received 
iron dextran shot) 
Spatial T-maze  
(3-4 wk) 
 
Blood parameters  
(1,2,3,4 wk) 
 





T-maze: SID pigs never acquired the task, while 
CONT and MID did acquire it; during reversal 
the SID never acquired the task; MID and SID 
pigs moved more during the task and had longer 
latencies (suggesting possible issues with 
dopamine pathways) 
 
Tissue Iron content:  no impact of diet in the 
PFC, CON had higher iron than MID and SID in 
the hippocampus, liver, and serum 
 
MRI: no impact of diet on whole brain or 
hippocampal volumes 
 
PCR: see dietary effect on transferrin receptor in 
the prefrontal cortex but not the hippocampus 
where CONT pigs had higher expression. No 
differences in BDNF, NGF, SYN, NMDA 


















Table 1.4 (cont.) 
Antonides et al. 
(2015) 
Deficiency 
N = 20 (12 wk)  
Diets 0 - 4 wk 
CONT: 88 mg Fe/kg (plus 200 
mg iron dextran shot) 
ID: 21 mg Fe/kg (saline 
injection) 
Diets 4 wk - 12 wk 




Blood parameters  
(1,3,4,7,12 wk) 
 
Brain histology  
(12 wk) 
Pigs received diets for 4 wk and were then 
switched to an iron replete diet, pig growth 
diverged starting at 3 wk of age 
 
Holeboard: ID pigs had impaired reference 
(long term) memory when assessed at 7.5 wk of 
age 
 
Iron status: ID pigs had decreased blood iron 
parameters (hematocrit, hemoglobin, serum Fe) 
during treatment, but normalized once on a 
common diet from 4 to 12 wk 
 
Iron staining: ID pigs had fewer iron containing 
cells in hippocampal CA1 and dentate gyrus at 
12 wk of age, number of iron containing cells in 
CA3 was not different, but did correlate with 






















Table 1.4 (cont.) 
Antonides et al. 
(2016) 
Deficiency 
N = 20 (12 wk)  
Diets 0 - 4 wk 
ID: Maternally-reared pigs 
(saline shot, d 3 & 10) 
CONT: Maternally-reared pigs 
(iron dextran shot 40 mg/kg 
BW, d 3 & 10) 









(10 - 12 wk) 
Maternal rearing ID model: All pigs were 
sow-reared and treatments were specific to iron 
dextran shot (CONT) or saline shot (ID) 
 
Growth: No differences in growth between ID 
and CONT groups 
 
Blood measures: Blood hematocrit and 
hemoglobin values were lower during ID 
treatment compared with CONT group, but did 
not differ after provision of iron replete diet. 
Hemoglobin did not reach anemic levels in ID 
pigs, despite lower levels of blood iron pre-
weaning. Hematocrit and hemoglobin did not 
change in the ID pigs and serum iron increased, 
it is unclear if pigs ingested sow feces or feed 
which may have provided sufficient iron. 
Interestingly the control animals in this study 
received lower iron dextran injections and had 
lower serum iron levels compared with Rytych 
and Antinodes 2015, begging the question if the 
control iron in those studies was too high 
 
Holeboard: No differences in cognitive 
performance between ID and CONT groups. 
When they compared control animals with the 
sow (this study) with control animals not on the 
sow (Antonides et al., 2015) there was no 
difference in learning, indicating maternal 





Table 1.4 (cont.) 
Leyshon et al. 
(2016)  
Deficiency  
N = 20 (4 wk) 
CONT: 100 mg Fe/kg milk 
solid  
SID: 10.0 mg Fe/kg milk solid 
(*Only control group received 




MRI [VBM, DTI, 




Blood: Clinical signs if IDA were evident at the 
end of the study, hematocrit and hemoglobin 
decreased and were different in ID compared 
with CONT 
 
VBM: indicated a global decrease in white 
matter and localized increases and decreases in 
gray matter (no overall volume change) 
 
DTI: Decreases in corpus callosum and whole-
brain FA values which indicate decreased white 
matter maturation in ID pigs compared with 
CONT. Greater RD, MD, and AD in left 
hippocampus, right hippocampus, and thalamus 
of ID pigs compared with CONT pigs 
 
SVS: indicated decreased inositol and increased 
phosphocholine in the ID pigs compared with 
CONT pigs 
 
Histology: Corpus callosum width was 















Table 1.4 (cont.) 
Schachtschneider 
et al, (2016) 
Deficiency 
N = 24 (4wk) 
CONT: 100 mg Fe/kg milk 
solid  
SID: 10.0 mg Fe/kg milk solid 
(*Only control group received 
iron dextran shot) 
Gene Expression 
(4 wk) 
Angiogeneic: Observed difference in 
hippocampal gene expression, ID pigs exhibited 
altered gene expression related to hypoxia 
(upregulated), angiogenesis (upregulated), and 
blood-brain-barrier permeability (upregulated), 
decreased expression of a vasoconstriction gene 
which suggests active vasodilation in the ID 
group 
 
Neuron Growth: Observed downregulation of 
genes related to neuron expansion and stress 
response but also upregulation of neuron growth 
genes in ID pigs  
 
Serotonin: dysregulation of serotonin binding 
genes in ID pigs 
Valenzuela et al. 
(2016) 
Supplement 
N = 44 (2 d 
old) 
Oral Fe: 252 mg/dose 
IM Fe: 200 mg FeDex 
Pig activity 
(recording +/- 3 h of 
supplementation)  
Activity: Pigs that had the oral Fe 
supplementation exhibited decreased resting time 
compared with those given IM injection 














Table 1.4 (cont.) 
    
Gan et al. (2017) Supplement N = 8 (1 wk) 
FeDex: 200 mg FeDex shot 3 d 
age 
CON: Saline injection 3 d age 
Transcriptomics  
(1 wk) 
Used FeDex as a marker for oxidative stress in 
the pig 
 
Transcriptomics: FeDex did not affect global 
gene expression in the hippocampus compared 
with CONT pigs. FeDex pigs had expressed 
genes that were related to neuron pathways and 
functions involving immune function and 
differences in neruopeptide and receptor genes in 

















Table 1.4 (cont.) 
Nelissen et al. 
(2017) 
Deficiency 
N = 20 (12 wk)  
Diets d 4 - 28 
CONT: 88 mg Fe/kg (plus 200 
mg iron dextran shot) 
ID: 21 mg Fe/kg (saline 
injection) 
Diets 4 wk - 12 wk 
Common diet 190-240 mg Fe/kg 
Protein Expression 
(12 wk) 
Dorsal Hippocampus: ID pigs had increased 
mature BDNF compared with CONT, proBDNF 
fragments also increased in ID pigs, Protein 
levels for TrkB (high affinity BDNF receptor) 
reduced in ID pigs, increased ratio of 
pCREB/CREB in ID pigs 
 
Ventral Hippocampus: ID pigs had decreased 
mature BDNF compared with CONT, pro BDNF 
fragments decreased in ID pigs, Protein levels 
for TrkB (high affinity BDNF receptor) reduced 
in ID pigs, TrkB phosphorylation was increased 
in ID pigs, decreased ratio of pCREB/CREB in 
ID pigs 
 
Prefrontal Cortex: no effect of diet on mature 
BDNF, Protein levels for TrkB (high affinity 
BDNF receptor) increased in the prefrontal 
cortex of ID pigs 
 
No effect of diet on p75NTR (receptor for 
BDNF), SYN, and PSD95 in hippocampus or 
prefrontal cortex 
1Studies included in this table were selected based on the following criteria: 1) use of the pig model, 2) iron was the only micronutrient involved in 
the intervention, 3) the study assessed brain-related outcomes. Other iron-related pig studies were not included in this summary due to non-brain-
related outcomes measured and/or iron was included among other dietary compounds in a dietary intervention. Abbreviations: axial diffusivity 
(AD); control (CONT); brain derived neurotrophic factor (BDNF); cAMP response element binding protein (CREB); diffusion tensor imaging 
(DTI); fractional anisotropy (FA); interleukin-1 (IL-1); interleukin-6 (IL-6); interleukin-10 (IL-10); intramuscular (IM); iron (Fe); iron deficiency 
anemia (IDA); iron dextran (FeDex); mean diffusivity (MD); mild iron deficiency (MID); myelin basic protein (MBP); N-methyl-D-aspartate 
receptor (NMDA); nerve growth factor (NGF); p75 neurotrophin receptor (p75NTR); phosphorylated cAMP response element binding protein 
(pCREB); postsynaptic density protein 95 (PSD95); prefrontal cortex (PFC); polymerase chain reaction (PCR); radial diffusivity (RD); severe iron 
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CHAPTER 2: PERINATAL CHOLINE DEFICIENCY DELAYS BRAIN 
DEVELOPMENT AND ALTERS METABOLITE CONCENTRATIONS IN THE 
YOUNG PIG2 
ABSTRACT 
Background: Adequate choline supply during the perinatal period is critical for proper brain 
formation, when robust neurogenesis and neuronal maturation occur. Therefore, the objective of 
this study was to examine the impact of perinatal choline status on neurodevelopment. 
 
Methods: Sows were fed a choline-deficient (CD) or sufficient (CS) diet during the last half of 
the gestational period. At 2 d of age, pigs from sows within each prenatal treatment group were 
further stratified into postnatal treatment groups and provided either a CD or CS milk replacer, 
resulting in four treatment groups. At 30 d of age, pigs underwent magnetic resonance imaging 
(MRI) procedures to analyze structural and metabolite differences.  
 
Results: Single-voxel spectroscopy (SVS) analysis revealed postnatally CS pigs had higher (P < 
0.001) concentrations of glycerophosphocholine-phosphocholine than postnatally CD pigs. 
Volumetric analysis indicated smaller (P < 0.006) total brain volumes in prenatally CD pigs 
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compared with prenatally CS pigs. Differences (P < 0.05) in the corpus callosum, pons, 
midbrain, thalamus, and right hippocampus, were observed as larger region-specific volumes 
proportional to total brain size in prenatally CD pigs compared with CS pigs. Diffusion tensor 
imaging (DTI) suggested interactions (P < 0.05) between prenatal and postnatal choline status in 
fractional anisotropy values of the thalamus and right hippocampus.  Prenatally CS pigs had 
lower cerebellar radial diffusivity (P = 0.045) compared with prenatally CD pigs. 
 
Conclusion:  This study demonstrates that prenatal choline deficiency has profound effects by 
delaying neurodevelopment as evidenced by structural and metabolic MRI assessments. 
2.1 INTRODUCTION 
Robust growth and expansion of the brain occurs throughout fetal development. With 
these rapid tissue changes, there exists a need for choline, a nutrient essential to 
neurodevelopment. Critical to humans and animals alike, choline is a primary component of 
cellular membranes, neurotransmitters, and the myelin sheath (Zeisel 2004). As evidence of this 
biological effect, a study of 8-d-old chickens fed a choline-deficient diet showed decreased brain 
weights compared with choline-adequate chickens (Jose et al. 1969). In the same study, 
decreased myelination was hypothesized due to an observed reduction in cholesterol proteolipid 
content in the choline-deficient chick brains. Rodent research has shown rats born to choline-
deficient dams exhibit altered hippocampal structure and function postnatally (Li et al. 2004). 
Moreover, choline deficiency during the prenatal period diminishes neural progenitor cell mitosis 
and increases apoptosis in the rat hippocampi (Craciunescu et al. 2003; Holmes-McNary et al. 





on learning and memory tests in choline-supplemented rats compared with control rats (Pyapali 
et al. 1998). Thus, adequate choline availability during the perinatal period appears to influence 
brain structure and later cognitive function, but essentially all supportive evidence has been 
derived from animal models that inadequately translate to the human clinical realm. 
Although choline is commonly found in human diets, studies suggest nearly 90% of 
adults consume choline at or below the recommended daily adequate intake (AI) level (Jensen et 
al. 2007). Pregnant women are at an increased risk of not consuming adequate choline due to the 
increased demand of the developing fetus. Assessment of gestational choline intake in nearly 900 
women revealed only 15% of the participants achieved AI during the first and second trimesters 
(Boeke et al. 2013). With a recommended AI of 450 mg/d for choline, evidence suggests 
pregnant women only achieve an average of 400 mg/d of choline and recent studies suggest the 
current recommended intake levels may not be high enough for pregnant women (Cheatham et 
al. 2012; Institute of Medicine 1998)(Yan et al. 2012, 2013). 
Most choline research has been performed in the rodent model, with few studies in 
human populations. Moreover, neurodevelopmental research pertaining to choline 
supplementation has primarily focused on hippocampal structure and function. While the rodent 
is a commonly used model, anatomical and physiological differences exist that make translation 
of nutritional effects to humans rather difficult. Therefore, we propose the use of the pig as a 
model for elucidating the structural and metabolic brain changes due to perinatal choline status. 
Humans and pigs share striking similarities in anatomy, physiology, metabolism, nutrient 
requirements, and neurodevelopement (Dobbing and Sands 1979; Miller and Ullrey 1987; 
Moughan et al. 1992). Unlike rodents, which are predominately postnatal developers, pigs and 





human brains are gyrencephalic and follow proportional growth trajectories (Conrad et al. 2012). 
As a precocial species, pigs can be artificially reared and easily weaned onto milk replacer 
immediately after birth, thereby allowing for precise control of perinatal choline intake during 
vulnerable periods of neurodevelopment.  
To our knowledge, there has been no research on the effects of perinatal choline status on 
whole brain development. Moreover, it is unclear whether prenatal or postnatal choline 
deficiency has more profound effects on neurodevelopment. As stated previously, choline 
research in the rodent is primarily focused on hippocampal development, and human research is 
severely lacking in general. We hypothesize that choline deficiency throughout the perinatal 
period will delay neurodevelopment and will be evident on a whole-brain scale. Therefore, the 
objective of this study was to determine the effects of perinatal choline status on brain 
macrostrucure, microstructure, and metabolite concentrations through the use of magnetic 
resonance imaging, while using the pig as a translatable animal model for studying 
neurodevelopment. 
2.2 MATERIALS & METHODS 
Animals and Housing. A total of 32 naturally-farrowed pigs, 16 female and 16 intact male (Sus 
scrofa domestica), from 12 litters, were obtained from the University of Illinois Urbana-
Champaign swine herd at 2 d of age. Each pig was placed in an artificial rearing system as 
previously described, but with the following modifications: stainless steel cage measurements 
differed (1.03 m deep x 0.77 m wide x 0.81 m high) and multiple 2.54 cm holes were drilled in 
the sides for ventilation with clear Plexiglass doors (Liu et al. 2014; Radlowski et al. 2014; 
Rytych et al. 2012). Individual caging units, designed for neonatal pigs, included ad libitum 





rearing facility was kept on a 12 h light/dark cycle, with light maintained from 0600 to 1800. 
Ambient local temperatures in the cages were maintained between 24-36°C using heat lamps. 
Upon placement into the artificial rearing system, pigs were administered 5 ml of Clostridium 
perfringens antitoxin C + D per manufacturer’s recommendations (Colorado Serum Company, 
Denver, CO). Pigs exhibiting sickness behavior, defined as diarrhea for more than 48 h, were 
placed on an electrolyte solution and administered a single dose of sulfamethoxazole and 
trimethoprim oral suspension (50 and 8 mg/mL, respectively; Hi-Tech Pharmacal, Amityville, 
NY) for 3 consecutive days.  
After placement into the animal care facility, all pigs were provided a custom soy-based 
milk replacer (Test Diets, St. Louis, MO) formulated to meet all nutrient requirements, apart 
from choline (further details below), for the duration of the 30-d feeding study. Milk replacer 
powder was reconstituted (200 g milk replacer powder/L tap water) fresh at least four times 
daily, with feeding rates and intervals increased based on growth performance of postnatally 
choline sufficient pigs. Milk replacer was supplied at a rate of 285 mL/kg of body weight for 3-9 
d of age, 300 mL/kg body weight for 10-13 d of age, 325 mL/kg body weight for 14-15 d of age, 
and 350 mL/kg body weight for 16-29 d of age (based on daily recorded weights). Feedings 
occurred every 3-4 hours starting at 800 and ending at 2300 daily. All animal care and 
experimental procedures were in accordance with the National Research Council Guide for the 
Care and Use of Laboratory Animals and approved by the University of Illinois at Urbana-
Champaign Institutional Animal Care and Use Committee. 
 
Dietary Treatments. For the last 64 d of the 114 d gestation period, sows (N=12) were provided 





choline/kg diet] gestation diets (National Research Council (US) 2012). Sows were administered 
the experimental gestation diet from d 50 of the 114 d gestation period until 48 h post farrowing. 
At birth, pigs were allowed colostrum consumption for up to 48 h. At 2 d of age, pigs 
were further stratified into CS [1,591 mg analyzed total choline/kg diet] or CD [518 mg analyzed 
total choline/kg diet] postnatal custom milk replacer diets (National Research Council (US) 
2012). This resulted in a 2 × 2 factorial arrangement with a total of 4 treatment groups: CS/CS, 
prenatal and postnatal choline sufficient; CS/CD, prenatal choline sufficient and postnatal 
choline deficient; CD/CS, prenatal choline deficient and postnatal choline sufficient; CD/CD, 
prenatal and postnatal choline deficient. All daily choline requirements referenced above were 
based on the most comprehensive evidence for the domestic pig (National Research Council 
(US) 2012).   
 
Neuroimaging Procedures. At 30 d of age, pigs were subjected to MRI scanning procedures. 
Prior to scanning, pigs were anesthetized via an intramuscular injection of Telazol (0.07 mg/kg 
body weight; Zoetis, Florham Park, NJ). Pigs were immediately transferred to the MRI machine 
in which they were maintained on 2% isoflurane:98% oxygen for the duration of the 60 min 
scan. Pig vital signs were monitored throughout the duration of the scanning session with the use 
of an MRI-compatible pulse oximeter. Magnetic resonance imaging procedures, along with post-
imaging analyses of brain region volume, diffusion tensor imaging, and single-voxel 
spectroscopy, were previously described (Radlowski et al. 2014). Pigs were scanned using a 






Manual Brain Extractions. Structural images were acquired through three repetitions of a 3D T1-
weighted magnetization-prepared rapid gradient echo sequence (MPRAGE), with 0.7 mm 
isotropic voxel size. A series of three MPRAGE images were averaged using SPM8 (Wellcome 
Department of Clinical Neurology, London, UK). Pig brains were manually extracted using a 
Wacom Cintiq 24HD and Wacom Grip Pen (Wacom, Vancouver, WA). The Pig Brain Atlas, 
validated previously, and publicly available at http://pigmri.illinois.edu, was used for a priori 
tissue probability mapping as well as assessment of 19 different brain regions (Conrad et al. 
2014).   
 
Volumetrics. Volumetric analysis was performed using the ‘Segment’ and DARTEL toolboxes 
from SPM for nonlinear warping along with math tools from the FSL package (Analysis Group, 
FMRIB, Oxford, UK). The SPM ‘Segment’ tool, along with pig specific tissue prior 
probabilities, was used to obtain the gray matter, white matter, and CSF tissue segmentations for 
each pig, and DARTEL was used to further align the native space segmentations. The fslstats 
toolbox was used to determine the voxel volume of the subject-space segmentation for each of 
the three tissue types. Using fslmaths, the mean overall partial volume map was obtained for 
each of subject-space segmentations. Overall absolute volume for gray matter, white matter, and 
CSF were determined by multiplying the voxel volume measure by the mean intensity of the 
partial volume segmentation.  
Anatomical region of interest (ROI) files were generated for each pig as described 
previously for the 19 regions listed in Table 1 (Radlowski et al., 2014). For the volumetric 
measures associated with each individual ROI, a threshold of 0.5 was applied to the DARTEL-






Diffusion Tensor Imaging. Diffusion tensor imaging (DTI) measures were obtained using 
diffusion-weighted echo-planar imaging with a b-value of 1000 sec/mm2 and 30 directions, as 
previously detailed (Radlowski et al., 2014). Assessment of cortical white matter, caudate, 
corpus callosum, cerebellum, internal capsule, thalamus and both hippocampi was performed 
using the FSL software package. The diffusion toolbox in FSL was used to generate values of 
axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD), and fractional anisotropy 
(FA).  
Masks for each ROI were nonlinearly transformed into the MPRAGE space of each 
individual pig and a linear transform was then applied to transfer each ROI into DTI space. A 
threshold of 0.5 was applied to the whole-brain white matter ROI and the data was dilated twice. 
For each individual ROI (Table 2), an FA threshold of 0.15 was applied to ensure appropriate 
estimation of white matter properties despite the mask expansion, consistent with methods 
previously described (Radlowski et al., 2014). 
 
Single Voxel Spectroscopy. Magnetic resonance single-voxel spectroscopy (SVS), spanning the 
posterior hippocampi and intervening tissue, was used to analyze relative hippocampal 
metabolite concentrations, with a voxel size of 12 x 25 x 12 mm with parameters and analysis 
procedures previously described (Radlowski et al., 2014). Metabolite concentrations were 
analyzed using the software LCModel 6.3 (Provencher 1993).  
 
Statistical Analysis. Data analysis was first conducted using the MIXED procedure of SAS 9.4 





prenatal choline status (sufficient vs. deficient) and 2 levels of postnatal choline status (sufficient 
vs. deficient). Study replicate and sex were included in the model as random variables, and 
statistical significance was defined using an alpha value of 0.05. For individual brain region 
volume assessment, total brain volume was expressed in both absolute (i.e., mm3) and relative 
(i.e., regional volume as a proportion of total brain volume for the individual pig) units. Data is 
presented as lsmeans ± SEM.  
For the purposes of providing normative MRI measures for the pig, DTI and SVS data 
were collapsed across all treatment groups when significant interactions or main effects of 
choline status were not present. For this analysis the MEANS procedure of SAS was used with 
data being presented as mean ± SEM. 
2.3 RESULTS 
Brain Volume Estimation. No interactive effects of prenatal x postnatal choline status were 
observed for total brain volume estimates, therefore only main effects are reported. A main effect 
of prenatal choline status revealed CS pigs had larger (P = 0.006) total brain volumes compared 
with CD pigs (Table 2.1). No main effect of postnatal choline status was observed for total brain 
volume.  
When comparing absolute volumes of individual brain region between CS and CD pigs, 
an interaction (P < 0.05) of prenatal by postnatal choline status was observed in the absolute 
volumes of the corpus callosum, right cortex, and gray matter. A main effect of prenatal choline 
status (P ≤ 0.05) was observed for 13 of 22 regions of interest that were evaluated (Table 2.1). In 
each of the 13 regions, prenatally CS pigs had larger (P < 0.05) volumes compared with 
prenatally CD pigs. There was no observed main effect of postnatal choline status on absolute 





When relative brain volumes were compared, the observed prenatal by postnatal 
interactions in the volume of the corpus callosum, right cortex, and gray matter were no longer 
present. Only a main effect of prenatal choline status was observed for relative brain region 
volumes (Table 2.1), with CD pigs exhibiting larger relative volumes in the corpus callosum (P = 
0.035), midbrain (P = 0.006), pons (P = 0.037), right hippocampus (P = 0.027), and thalamus (P 
= 0.003) compared with CS pigs. There were no observed main effects of postnatal choline status 
on relative brain volumes.  
 
Single-Voxel Spectroscopy. No interactive effects of prenatal x postnatal choline status were 
observed for any metabolites, therefore only main effects are reported. A main effect of postnatal 
choline status was observed in which postnatally CD pigs had lower (P < 0.001) concentrations 
of glycerophosphocholine-phosphocholine (GPC-PCh) compared with postnatally CS pigs 
(Figure 2.1). There was no main effect of prenatal choline status on GPC-PCh concentrations. 
For the purposes of providing normative data on brain metabolites in the pig, all metabolites that 
did not exhibit interactive or main effects of choline status are presented in Figure 2.2.  
 
Diffusion Tensor Imaging. Interactions between prenatal and postnatal choline status were 
observed for fractional anisotropy (FA) values of the thalamus (P = 0.029) and right 
hippocampus (P = 0.040) (Figure 2.3). In the right hippocampus, CS/CD pigs had higher (P < 
0.05) FA values compared with CD/CD (P = 0.031) and CS/CS (P = 0.033) pigs, but were not 
different from CD/CS (P = 0.121) pigs. In the thalamus, CS/CD pigs had higher (P = 0.032) FA 
values compared with CD/CD pigs. However, thalamic FA values did not differ when CS/CD 





exhibited significant effects of prenatal, postnatal, or interactive effects of the two choline 
statuses in FA values.  
Differences between cerebellar MD and RD were observed between the prenatal choline 
statuses. A trend was observed in which pigs from CS sows exhibited decreased (P = 0.058) MD 
values when compared with pigs from CD sows (Figure 2.4). Cerebellar RD was lower (P = 
0.045) in prenatally CS pigs when compared with prenatally CD pigs (Figure 2.4). There were no 
significant effects of postnatal choline status observed for any MD, RD, or AD measures. No 
other brain regions exhibited significant interactions or main effects of prenatal or postnatal 
choline status in either MD, RD, or AD measures.  
For the purposes of providing normative pig data on DTI measures, all measures that did 
not exhibit interactive or main effects of choline status have been collapsed across treatment 
groups and are presented in Table 2.2. For measures that exhibited interactive and main effects 
of choline status, it was not appropriate to collapse across treatment groups, therefore the reader 
is referred to Figure 2.3 and Figure 2.4 for pertinent DTI values.  
2.4 DISCUSSION 
In this study, CD or CS diets were provided to gestating sows, as a means of prenatal 
choline manipulation, and as milk replacer provided to newborn pigs, in order to manipulate 
postnatal choline status. Therefore, the objective of this study was to determine the impact of 
perinatal choline status on brain development. Choline is an important molecule during 
development and throughout life, as it is a key component to cell membranes, myelin sheath, and 
neurotransmitters (Zeisel 2004). Research in rodents has shown decreased learning and memory 
and hippocampal dysmorphology in rats born to CD dams (Meck and Williams 1997; Meck, 





no research has been performed on the effects of choline deficiency during the perinatal period 
as it pertains to whole brain development. From our study, MRI outcomes indicate that prenatal 
choline status significantly affected brain volume and maturation as indicated by structural 
imaging, SVS, and DTI. In all cases, it was apparent that a CD diet provided during the prenatal 
period limited development of the pig brain by 30 d of age. In contrast, choline deficiency during 
the postnatal period appeared to have only minimal influencess on the neurodevelopmental 
outcomes assessed herein.  
 
Brain Volume Assessment. Total brain volume assessment revealed smaller brains in prenatally 
CD pigs when compared with prenatally CS pigs. In humans and pigs alike, neurogenesis 
primarily occurs in the late prenatal period, and is nearly complete at birth (Dobbing and Sands 
1973; Jelsing et al. 2006; Thompson and Nelson 2001). Research has shown diminished neural 
progenitor cell proliferation and increased apoptosis in the hippocampi of rats born to CD dams, 
and similar effects are expected for all mammalian species (Craciunescu et al. 2003). Smaller 
observed brain size in prenatally CD pigs may be due to decreased neurogenesis and cellular 
migration on a global scale. Because the majority of neurogenesis and some migration occur 
during the prenatal period, alterations in progenitor cell differentiation and neural cell apoptosis 
may explain the smaller brain size we observed in prenatally CD pigs. 
Absolute volumetric assessment of individual brain regions revealed 13 significantly 
larger regions in prenatally CS pigs when compared with prenatally CD pigs. However, when 
expressed relative to total brain volume, only the corpus callosum, midbrain, pons, thalamus, and 
right hippocampus were affected by prenatal choline status. These five subcortical regions were 





choline deficiency during the prenatal period appears to result in proportionally larger subcortical 
structures, suggesting preferential development of these regions may occur when choline 
availability is limited. 
 
In humans and animal models, subcortical development precedes cortical growth. Peak 
brain volume in pigs is achieved between 20-24 weeks of age, however pigs in this study were 
imaged at four weeks of age, much earlier than the time when brain volume is expected to peak 
(Conrad et al. 2014). Human cortical brain volume nearly triples in the first year of life, further 
suggesting that cortical differences may not be readily apparent at birth (Knickmeyer et al. 
2008). As such, it is possible that differences in cortical neural proliferation and migration may 
not yet have been evident between prenatally CD and CS pigs. These differences might have 
been observed if the pigs had been imaged at a later time-point. 
 
Single-Voxel Spectroscopy Assessment. Magnetic resonance single-voxel spectroscopy revealed 
a main effect of postnatal choline status on GPC-PCh concentrations in the posterior hippocampi. 
Pigs that received a CD milk replacer exhibited decreased GPC-PCh concentrations compared 
with postnatally CS pigs. These observed concentrations indicate a CD diet, provided during the 
postnatal period alone, was enough to negatively affect the amount choline-containing 
compounds within the hippocampi and surrounding tissue. We hypothesize that a similar trend 
would be evident in pigs that were assessed at earlier time points in the perinatal period. 
However, SVS is a real-time analysis of metabolites and GPC-PCh is continuously used in cells, 
therefore it is possible that no prenatal effects were observed due to the nature of the assessment 





for choline within the cell (Rohlfs et al. 1993). In its free form, choline is necessary for the 
formation and maintenance of cellular membranes, and as a main component of sphingomyelin 
in the myelin sheath (Zeisel 2006). Myelination within the developing brain occurs rapidly 
throughout the postnatal period, rendering the brain vulnerable to dietary deficiencies in choline 
(Barkovich 2005). Decreased concentrations of GPC-PCh during the postnatal period may 
therefore affect later white matter maturation in postnatally CD pigs.  
 
Diffusion Tensor Imaging. Diffusion tensor imaging was used to assess white matter maturation 
in the pig brains. The DTI sequences allowed for interpretation of water movement within the 
brain, which is expected to change over time as the morphology and composition of the brain 
changes. Mean diffusivity, a measure of total water movement within a specific region, decreases 
with age as brain microstructure increases in size. Whereas, radial diffusivity is a measure of 
water movement perpendicular to axonal alignment (Hüppi and Dubois 2006). As axons become 
wrapped in myelin, less water is able to move across the axon, thus decreasing the observed RD 
values. We observed a trend for decreased MD and significantly decreased RD values in the 
cerebellum of prenatally CS pigs compared with prenatally CD pigs, thereby suggesting 
advanced cerebellar development in the prenatally CS pigs.  
Further supporting our observations in diffusion tensor measures of the cerebellum, it is 
known that white matter maturation begins in the prenatal period and continues into adulthood, 
with the highest rate of maturation occurring during the perinatal period (Barkovich 2005). 
Additionally, studies in humans have established that brain maturation occurs in a posterior to 
anterior fashion, suggesting the cerebellum is one of the early brain regions to mature (Gilmore 





had more mature cerebellums than prenatally CD pigs at four weeks of age. This is important 
because the cerebellum is involved in motor control and cognitive functions such as associative 
learning (Stanton and Freeman 1994). Rodent research has shown decreased learning and 
memory in rats born to CD dams, with much of this attributed to differences in hippocampal 
structure (Meck, Smith, and Williams 1988). To our knowledge there has not been any research 
focused on choline deficiency and microstructural differences in the cerebellum as it relates to 
learning and memory. Our data suggests choline deficiency during the prenatal period prevents 
proper neurodevelopment, which is consistent with our observations of hippocampal metabolites 
and brain volume differences, all of which indicate altered neurodevelopment of prenatally CD 
pigs.  
Fractional anisotropy (FA) provides a measure of directionality of diffusion of water 
molecules within the brain (Hüppi and Dubois 2006). As myelination increases, water molecules 
are restricted to anisotropic movement parallel to the axon, thereby increasing the observed FA 
value. Fractional anisotropy is therefore a good indicator of white matter maturation within the 
brain. Our data suggests an interaction between prenatal and postnatal choline status in FA 
values of the right hippocampus and thalamus. Pigs that were CS/CD exhibited higher FA values 
in the right hippocampus compared with CS/CS and CD/CD pigs, but were not different from 
CD/CS pigs. Fractional anisotropy values in the thalamus revealed CS/CD pigs having 
significantly greater FA values than CD/CD pigs, but were not different from CS/CS or CD/CS 
pigs. As stated previously, myelination is occurring rapidly in the postnatal period. From these 
data, we speculate that prenatally CS pigs provided a postnatal CD diet may induce 
overcompensation in growth and development of the thalamus and right hippocampus. Because 





rate of growth in a CS environment. However, when these pigs are provided a CD milk replacer, 
these important early-developing regions may have overcompensated and experienced more 
rapid growth compared with other regions. While a dearth of literature exists on this topic, 
investigating the mechanism underlying this metabolic programming event is certainly warranted 
as it may have long-term implications.  
 
Limitations. One limitation to this study is the timing of the induced choline deficiency in the 
sows. In our study, sows were provided a choline deficient diet during the last half of the 
gestational period. However, when using the sow as a translational model it is more likely that a 
woman would be deficient prior to conception rather than developing a deficiency halfway 
through gestation. It was unclear whether or not sows would spontaneously abort the developing 
fetuses if they were CD prior to conception, therefore a later time-point in gestation was chosen 
to provide the CD diets (Kornegay and Meacham 1973; Stockland and Blaylock 1974). This 
time-point was chosen because research in humans has suggested that diminished choline 
consumption in the second and third trimester correlates with decreased behavioral outcomes 
later in life (Beoke et al., 2013). A strength of our study is that it assesses global brain 
development rather than specifically focusing on one brain region. To our knowledge, this is the 
first study that has assessed the effects of perinatal choline deficiency on both whole brain and 
sub-regions, rather than assessing just the hippocampus. It is important to understand differences 
across all brain regions in order to better characterize behavioral observations commonly 
reported in rodent work. Future work in this model should focus on understanding the behavioral 






Conclusion. Results from our study suggests that a limited choline supply during the prenatal 
period profoundly impacts brain maturation. Conversely, choline status during the postnatal 
period does not appear to have nearly as great effects on neurodevelopment. Diffusion tensor 
analysis suggests delayed neurodevelopment in prenatally CD pigs. This data is further 
supported by observations in absolute whole-brain and proportional ROI volumes, each 
suggesting delayed development in prenatally CD pigs. Glycerophosphocholine-phosphocholine 
concentrations indicate a postnatal CD diet has immediate effects on metabolite concentrations. 
While GPC-PCh is an excellent real-time indicator of choline availability within the brain, it is 
still unclear what effects, if any, a postnatal CD diet has on neurodevelopment. Our data indicate 
that gestational choline deficiency significantly affects macrostructural and microstructural 
development of the pig brain. Because nearly 90% of gestating women receive inadequate 
prenatal choline, our findings in the pig suggest further emphasis should be placed on choline as 





2.5 TABLES & FIGURES 
 Table 2.1 Absolute and relative volumes for brain regions of interesta 
 
Absolute Volume (mm3) Relative Volume (% TBV)b 
Region Sufficient Deficient SEMc P-Value Sufficient Deficient SEMc P-Value 
Whole Brain 68622 62274 5437.05 0.006 - - - - 
Gray Matterd 35514 32591 1072.00 <0.001 52.22 53.09 2.71 NS 
White Matter 16669 15496 456.47 0.029 24.58 25.41 1.97 NS 
Cerebrospinal Fluid 9882.62 8506.55 1248.77 NS 14.25 13.96 1.34 NS 
Left Cortex 16926 15352 464.88 <0.001 24.85 25.06 1.30 NS 
Right Cortexd 17435 16035 528.53 <0.001 25.61 26.15 1.29 NS 
Caudate 485.53 458.21 9.40 0.043 0.72 0.75 0.05 NS 
Cerebellum 6223.07 5756.58 203.07 <0.001 9.15 9.37 0.45 NS 
Cerebral Aqueduct 46.46 45.73 1.60 NS 0.07 0.07 0.00 NS 
Corpus Callosumd 384.05 366.7 8.28 NS 0.57 0.6 0.04 0.035 
Fourth Ventricle 53.4 49.21 2.00 0.034 0.08 0.08 0.00 NS 
Hypothalamus 259.35 244.3 6.56 <0.001 0.38 0.4 0.02 NS 
Internal Capsule 1529.72 1444.15 40.53 NS 2.25 2.37 0.20 NS 
Lateral Ventricle 506.75 473.84 25.08 NS 0.75 0.77 0.05 NS 
Left Hippocampus 487.18 461.45 17.00 NS 0.72 0.75 0.03 NS 
Medulla 1889.35 1721.48 64.69 <0.001 2.78 2.79 0.13 NS 
Midbrain 1855.43 1773.64 30.93 0.018 2.73 2.9 0.20 0.006 
Olfactory Bulb 2525.36 2324.3 103.77 0.028 3.72 3.8 0.16 NS 
Pons 1112.63 1053.42 34.70 0.003 1.63 1.72 0.08 0.037 
Putamen/ Globus Pallidus 400.34 377.82 10.83 0.049 0.59 0.62 0.04 NS 
Right Hippocampus 492.43 471.01 17.40 NS 0.73 0.76 0.04 0.027 
Thalamus 1633.12 1570.17 37.28 NS 2.40 2.56 0.15 0.003 
Third Ventricle 49.13 48.63 1.97 NS 0.07 0.08 0.01 NS 










Table 2.1 (cont.)         
a All data presented in this table are a main effect of prenatal choline status, determined by the diet the sow was provided. LSMeans and 
pooled SEM are presented for absolute brain volume and relative brain volume. Significance was determined at P ≤ 0.05, non-significant 
effects are represented as NS. 
b Percent total brain volume was calculated by dividing the region of interest volume by the total brain volume within each subject; 
significant (P ≤ 0.05) values are denoted using bold text. 
c Pooled SEM presented for prenatally choline sufficient (n = 17) and choline deficient (n = 15). 


































Table 2.2 Diffusion tensor imaging measures 
 
AD MD RD FA 
Region Mean SEM Mean SEM Mean SEM Mean SEM 
Whole-Brain 1.364 0.042 1.027 0.034 0.858 0.031 0.307 0.013 
Left White Matter 1.353 0.063 1.019 0.054 0.852 0.050 0.306 0.008 
Right White Matter 1.329 0.043 1.000 0.034 0.836 0.030 0.305 0.013 
Caudate 1.330 0.147 1.011 0.119 0.851 0.107 0.298 0.021 
Corpus Callosum 1.675 0.196 1.294 0.153 1.103 0.133 0.275 0.018 
Cerebellum 1.319 0.083 1.116 0.071 See Figure 4b 0.178 0.039 
Internal Capsule 1.252 0.052 0.861 0.052 0.665 0.055 0.395 0.023 
Left Hippocampus 1.548 0.105 1.167 0.091 0.977 0.085 0.300 0.029 
Right Hippocampus 1.554 0.116 1.183 0.096 0.997 0.089 See Figure 3c 
Thalamus 1.226 0.048 0.902 0.031 0.739 0.026 See Figure 3c 
a Data presented as mean ± standard error of the mean (SEM) across all treatment groups. Axial Diffusivity (AD), mean diffusivity 
(MD), and radial diffusivity (RD) are presented as x10-3 mm2/s.  Fractional anisotropy (FA) values are presented as arbitrary units 
ranging from 0 to 1. 
b Data not presented as a mean ± SEM across all treatment groups due to observed main effect of prenatal choline status; refer to 
Figure 4. 










Figure 2.1 Pigs that were provided CD milk replacer in the postnatal period exhibited 
significantly (P < 0.001) lower GPC-PCh concentrations compared with CS pigs. Abbreviations: 



























Figure 2.2 No dietary differences were observed for the metabolites presented in this figure to 
provide normative data for artificially reared pig metabolite concentrations. Data is presented as 
mean ± standard error of the mean (SEM) across all treatment groups. One pig exhibited greater 


































Figure 2.3 Diffusion tensor imaging fractional anisotropy 
 
 
Figure 2.3 Interactions between prenatal and postnatal choline status were observed in fractional 
anisotropy (FA) values of the thalamus (P = 0.029) and right hippocampus (P = 0.040). A) In the 
right hippocampus, CD/CD pigs had lower (P = 0.031) FA values compared with CS/CD pigs. 
Pigs that received a sufficient choline supply in the prenatal and postnatal period (CS/CS) 
exhibited lower (P = 0.033) FA values compared with CS/CD pigs. B) In the thalamus, pigs that 
were CD in both the prenatal and postnatal periods (CD/CD) had lower (P = 0.032) FA values 





Figure 2.4 Cerebellar RD and MD 
 
 
Figure 2.4 A) A main effect (P = 0.045) of prenatal choline status was observed in the 
cerebellum for radial diffusivity (RD), with prenatally CS pigs having lower values compared 
with prentally CD pigs. B) Cerebellar mean diffusivity (MD) exhibited a trend (P= 0.058) for a 
main effect of prenatal choline status, in which prenatally CS had lower observed values than 
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CHAPTER 3: MATERNAL DIETARY CHOLINE STATUS INFLUENCES BRAIN 
GRAY AND WHITE MATTER DEVELOPMENT IN YOUNG PIGS3 
ABSTRACT 
Background: Choline is an essential nutrient that is pivotal to proper brain development. 
Research in animal models suggests that perinatal choline deficiency influences neuron 
development in the hippocampus and cortex, yet these observations require invasive techniques. 
This study aimed to characterize the effects of perinatal choline deficiency on gray and white 
matter development using non-invasive neuroimaging techniques in the young pig.   
 
Methods: During the last 64 days of the 114-day gestation period Yorkshire sows were provided 
a choline-sufficient (CS) or choline-deficient (CD) diet, analyzed to contain 1,214 mg or 483 mg 
total choline/kg diet, respectively. Upon farrowing, pigs (Sus scrofa domesticus) were allowed 
colostrum consumption for up to 48 hours, were further stratified into postnatal treatment groups, 
and were provided either CS or CD milk replacers, analyzed to contain 1,591 mg or 518 mg total 
choline/kg diet, respectively, for 28 days. At 30 days of age, pigs were subjected to magnetic 
resonance imaging procedures to assess brain development. Gray and white matter development 
was assessed through voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS), 
to assess the effects of prenatal and postnatal dietary choline status.  
 
                                               
3 This is a pre-copyedited, author-produced version of an article accepted for publication in 
Current Developments in Nutrition following peer review. The version of record, “Mudd, AT, 
CM Getty and RN Dilger. 2018. Maternal dietary choline status influences brain gray and white 





Results: Voxel-based morphometry analysis indicated prenatally CS pigs exhibited increased (P 
< 0.01) gray matter in the left and right cortex compared with prenatally CD pigs. Analysis of 
white matter indicated prenatally CS pigs exhibited increased (P < 0.01) white matter in the 
internal capsule, putamen-globus pallidus, and right cortex compared with prenatally CD pigs. 
No postnatal effects (P > 0.05) of choline status were noted for VBM analyses of gray and white 
matter. Tract-based spatial statistics also revealed no significant effects (P > 0.05) of prenatal or 
postnatal choline status for diffusion values along white matter tracts.  
 
Conclusions: Observations from this study suggest that prenatal choline deficiency results in 
altered cortical gray matter and reduced white matter in the internal capsule and putamen of 
young pigs. Using non-invasive neuroimaging techniques, results from our study indicate 
prenatal choline deficiency greatly alters gray and white matter development in the pig, thereby 
providing a translational assessment that may be used in clinical populations.  
 
3.1 INTRODUCTION 
Choline is an essential nutrient that has many physiological functions. Despite being 
characterized as an essential micronutrient in 1998 (Institute of Medicine 1998), nearly 90% of 
adults do not meet the adequate daily intake levels of choline (Jensen et al. 2007). It is 
recommended that pregnant women ingest 450 mg of choline per day, with these numbers 
increasing to 550 mg per day during lactation (Zeisel and Da Costa 2009). However, recent 
NHANES and independent reports suggest that women over the age of 20 in the United States 
average approximately 260 mg of choline per day (Chester et al. 2011; Wallace and Fulgoni 





polymorphisms in the phosphatidylethanolamine N-methyltransferase gene contribute to a 
reduced ability to endogenously synthesize choline, especially when dietary choline needs are 
not achieved (Da Costa et al. 2006). Additionally, many vitamin and mineral supplements do not 
currently contain choline (Wallace and Fulgoni 2016) and prenatal vitamins do not contain 
adequate amounts of choline, if any at all (Zeisel 2013), further adding to the need for dietary 
choline ingestion throughout gestation. While inadequate choline intake has been characterized 
in relatively high income populations, such as the United States, it is also thought to be prevalent 
in lower income countries (Gossell-Williams et al. 2005), rendering insufficient choline 
consumption a possible global concern.  
Adequate choline ingestion throughout the perinatal period is critical because of the 
increased need to support fetal brain development (Caudill 2010; Zeisel 2004; Zeisel and 
Niculescu 2006). One study suggests women whose choline intake was in the highest quartile 
during pregnancy had children that performed better on cognitive tests at seven years of age, 
highlighting the long-term implications of choline consumption during pregnancy (Boeke et al. 
2013). The cognitive influences of choline may be due to its role in many physiological aspects 
of brain development including: myelination, neurotransmitter synthesis, cell membrane 
composition, and neuron morphology (McKeon-O’Malley et al. 2003; Zeisel 2004). Choline 
deficiency during the prenatal period, from embryonic days 12-17, in mice has previously been 
shown to alter hippocampal development by increasing apoptosis and reducing neuronal 
progenitor cell proliferation on embryonic day 17 (Craciunescu et al. 2003). Rats born to choline 
deficient dams exhibit reduced cross-sectional areas in region-specific neurons, thus suggesting 
regional specificity of choline effects on neuron morphology (McKeon-O’Malley et al. 2003). 





11-17, resulted in reduced numbers of upper layer cortical neurons, altered epidermal growth 
factor signaling, and decreased cortical neural progenitor cells at embryonic day 17 as well as 
four months of age (Wang et al. 2016). While many of these studies provide mechanistic 
characterization of the influence of choline on the developing brain, they also necessitate 
invasive techniques, which are not suitable for elucidating choline’s influence in human infants. 
Thus, there is a need to identify non-invasive methods of characterizing the influence of choline 
on brain development, which may help explain observations in rodent models.  
Neuroimaging provides a sensitive and noninvasive means for characterizing brain 
development in humans and animal models alike. Previous studies have used magnetic resonance 
imaging techniques to evaluate the influence of early-life nutrition on markers of myelination, 
using diffusion tensor imaging, and changes in neurometabolites, using magnetic resonance 
spectroscopy in the biomedical piglet model (Mudd and Dilger 2017). In fact, we previously 
established that neuroimaging can sensitively quantify volumetric differences in pigs whose 
mothers were provided choline-deficient (CD) diets throughout gestation (Mudd et al. 2016). 
Given the fact that other animal studies have observed differences in neuron morphology and 
cortical development, this study is a follow-up analysis from our initial neuroimaging assessment 
identifying the effects of dietary choline deficiency on brain volumes and diffusion measures 
(Mudd et al. 2016). Herein, we aimed to assess gray matter and white matter development in the 
context of prenatal and postnatal dietary choline deficiency in pigs. We hypothesized that pigs 
from sows that were provided a CD diet would exhibit region-specific decreases in gray and 
white matter of the brain at four weeks of age. As such, we used voxel-based morphometry 
(VBM) and tract-based spatial statistics (TBSS) to quantify differences in brain gray and white 





 3.2 MATERIALS & METHODS 
Animals and Housing. For the prenatal dietary choline intervention, pregnant Yorkshire sows 
(N=12), were provided either a choline-sufficient (CS) (n=6) or CD (n=6) diet starting at d 50 of 
gestation, described in further detail below. The standard gestation period for sows is 114 days, 
thus the dietary intervention was provided for the last 64 days of gestation. Throughout gestation 
sows were housed indoors in standard agricultural gestation and farrowing crates as described 
previously (Getty and Dilger 2015). As stated previously, the timing of choline deficiency was 
chosen to minimize chances of spontaneous fetal loss due to the dietary intervention and sows 
were not induced in this study due to unseasonably warm weather, resulting in farrowing 
between (111-114 days of gestation) (Getty and Dilger 2015).  
The methods provided below were previously described (Getty and Dilger 2015; Mudd et 
al. 2016) and are repeated in detail below to maintain continuity of methods descriptions within a 
study. A total of 32 naturally-farrowed domestic pigs (Sus scrofa domesticus; n = 16/sex), from 
the 12 sows that were provided the experimental gestation diets, were obtained at 2 days of age. 
Each neonatal pig was placed in an artificial rearing system as previously described (A. T. Mudd 
et al. 2016). Individual caging units (1.03 m deep × 0.77 m wide × 0.81 m high), designed for 
neonatal pigs, included ad libitum access to water, supplemental heat, and a towel and rubber toy 
for enrichment. Light in the rearing facility was kept on a 12-hour light/dark cycle, with light 
maintained from 0600 to 1800 hours. Ambient local temperatures in the cages were maintained 
between 24-36°C using heat lamps. Upon placement into the artificial rearing system, neonatal 
pigs were administered 5 ml of Clostridium perfringens antitoxin C + D per manufacturer’s 
recommendations (Colorado Serum Company, Denver, CO). Neonatal pigs exhibiting sickness 





administered a single dose of sulfamethoxazole and trimethoprim oral suspension (50 and 8 
mg/mL, respectively; Hi-Tech Pharmacal, Amityville, NY) for 3 consecutive days.  
 
Feeding methods were previously described (Getty and Dilger 2015; Mudd et al. 2016) 
and are repeated in detail below to maintain continuity of methods descriptions within a study. 
After placement into the animal care facility, all neonatal pigs were provided a custom soy-based 
milk replacer (Test Diets, St. Louis, MO) formulated to meet all nutrient requirements (National 
Research Council (US) 2012), apart from choline (further details below), for the duration of the 
28-day postnatal feeding study. Milk replacer powder was reconstituted (200 g milk replacer 
powder/L tap water) fresh at least four times daily, with feeding rates and intervals increased 
based on growth performance of postnatally CS pigs. Milk replacer was supplied at a rate of 285 
mL/kg of body weight from 3-9 days of age, 300 mL/kg body weight from 10-13 days of age, 
325 mL/kg body weight from 14-15 days of age, and 350 mL/kg body weight from 16-29 days of 
age (based on daily recorded pig body weights). Feedings occurred every 3-4 hours starting at 
0800 and ending at 2300 hours daily. All animal care and experimental procedures were in 
accordance with the National Research Council Guide for the Care and Use of Laboratory 
Animals and approved by the University of Illinois at Urbana-Champaign Institutional Animal 
Care and Use Committee. 
 
Dietary Treatments. Dietary treatments were previously described (Getty and Dilger 2015; Mudd 
et al. 2016; Mudd et al. 2016) and are repeated in detail below to maintain continuity of methods 
descriptions within a study. For the last 64 days of the 114-day gestation period, sows (N=12) 





analyzed total choline/kg diet] gestation diets (National Research Council (US) 2012). Sows 
were administered the experimental gestation diet from day 50 of the 114-day gestation period 
until 48 h post-farrowing. Sows were provided restricted access to feed to maintain appropriate 
body condition per standard agricultural procedures, a detailed description of sow diets was 
previously described (Mudd et al. 2016).  
At birth, neonatal pigs were allowed colostrum consumption for up to 48 hours. At 2 days 
of age, pigs (N=32) were further stratified into CS [n=17; 1,591 mg analyzed total choline/kg 
diet] or CD [n=15; 518 mg analyzed total choline/kg diet] postnatal custom milk replacer 
treatments, and provided these diets for the remainder of the 28-day feeding study (National 
Research Council (US) 2012). This resulted in a 2 × 2 factorial arrangement with a total of 4 
treatment groups: CS/CS, prenatal and postnatal choline sufficient; CS/CD, prenatal choline 
sufficient and postnatal choline deficient; CD/CS, prenatal choline deficient and postnatal 
choline sufficient; CD/CD, prenatal and postnatal choline deficient. All daily choline 
requirements referenced above were based on the most comprehensive evidence for the domestic 
pig, which is based on a per kg bodyweight basis (National Research Council (US) 2012). 
Analysis of final choline content in gestation and milk replacer diets was performed using 
AOAC, 994.14 methods by an external laboratory (Eurofins US, Des Moines, IA) (Getty and 
Dilger 2015).  
 
Neuroimaging Procedures. Neuroimaging procedures were previously described (Mudd et al. 
2016) and are repeated in detail below to maintain continuity of methods descriptions within a 
study. At 30 days of age, pigs were subjected to MRI scanning procedures. Prior to scanning, 





Zoetis, Florham Park, NJ). Pigs were immediately transferred to the MRI machine in which they 
were maintained on average 2% isoflurane:98% oxygen for the duration of the 60-min scan. Pig 
heart rate and peripheral capillary oxygen saturation were monitored throughout the duration of 
the scanning session with the use of an MRI-compatible pulse oximeter. Magnetic resonance 
imaging procedures, along with post-imaging analyses of brain region volume and diffusion 
tensor imaging were previously described (Radlowski et al. 2014). Pigs were scanned using a 
Siemens MAGNETOM Trio 3T Imager with a Siemens 12-channel head coil. Upon completion 
of MRI scans, pigs were allowed to recover from anesthesia and vital signs were monitored 
every 15 min until complete recovery and were subsequently transported back to the rearing 
facilities.  
 
Voxel-Based Morphometry. Detailed descriptions of VBM procedures were previously described 
(Mudd et al. 2016; Mudd et al. 2018; Radlowski et al. 2014) and are repeated in detail below to 
maintain continuity of methods. A T1-weighted magnetization-prepared rapid gradient echo 
(MPRAGE) sequence was used to obtain anatomic images of the pig brain, with a 0.7-mm 
isotropic, resulting in a 0.343 mm3 voxel size. The following sequence specific parameters were 
used to acquire T1-weighted MPRAGE data: repetition time = 1900 ms; echo time = 2.49 ms; 
inversion time = 900 ms; 224 slices; field of view = 180 mm; flip angle = 9º. Pig brain images 
were manually skull-stripped using a Wacom Cintiq digital display as previously described 
(Mudd et al. 2016). The “Segment” function of statistical parametric mapping 8 
(SPM8;Wellcome Department of Clinical Neurology, London, UK) and pig-specific prior 
probability tissue maps (Conrad et al. 2014) were then used to segment the brains into gray 





alterations using SPM8 software. The Diffeomorphic Anatomical Registration using 
Exponentiated Lie Algebra (DARTEL) toolbox was used with pig-specific specifications that 
included changing the bounding box of -30.1 to 30.1, -35 to 44.8, -28 to 31.5; and a voxel size of 
0.7-mm isotropic (i.e., 0.343 mm3). After the nonlinear transformation of the data in the 
DARTEL procedure, flow fields were created and converted to warp files. The warp files 
generated were then applied to the subject’s gray and white matter. The modulated data were 
smoothed with a 4 mm full-width half maximum (FWHM), and were subjected to VBM 
procedures using the SPM toolbox using methods previously described (Radlowski et al. 2014). 
 
Tract-Based Spatial Statistics. Detailed descriptions of TBSS procedures were previously 
described (Mudd et al. 2018; Mudd et al. 2016) and are repeated in detail below to maintain 
continuity of methods. Diffusion tensor imaging was used to assess white matter maturation and 
axonal tract integrity using a b-value = 1000 s/mm2 across 30 directions and a 2-mm isotropic 
voxel (i.e., 8-mm3). Diffusion-weighted echoplanar imaging images were assessed in FMRIB 
Software Library (FSL) 5.0 for fractional anisotropy (FA), mean diffusivity (MD), axial 
diffusivity (AD), and radial diffusivity (RD) using methods previously described (Mudd et al. 
2016). The FSL 5.0 toolbox was used for TBSS assessment of FA data (Smith et al. 2004, 2006). 
Fractional anisotropy images, previously generated from diffusion data, were manually skull-
stripped, and all FA data from individual subjects were aligned using the FSL nonlinear 
registration tool FMRIB’s nonlinear image registration tool (FNIRT). Upon alignment, the 
study-specific mean FA image was created and a mean FA skeleton representing the center of all 
common tracts was established. A threshold of 0.2 was determined to be sensitive for mean FA 





the study-specific mean FA skeleton was created, each subjects’ aligned FA data were projected 
onto the mean FA skeleton and the resulting voxel-wise cross-subject data were used for 
statistical analyses (Smith et al. 2004, 2006). For all TBSS analyses involving registration to an 
atlas, the Piglet Brain Atlas (http://pigmri.illinois.edu/) was used in place of human brain 
templates (Conrad et al. 2014). 
The mean FA skeleton generated in the previous steps was used as ‘pre-determined’ 
white matter tracts. Subsequently the TBSS non-FA function was used to generate data on 
diffusion differences along the w for other diffusion tensor measures (i.e., MD, AD, RD). To 
analyze differences in these diffusion measures, nonlinear warps and skeleton projection values 
generated in the TBSS FA analysis were applied to each of the MD, AD, and RD images. Pig-
specific alterations to the non-FA script included registration to pig brain atlas space, rather than 
MNI152 space, and registration using a pig-specific internal capsule mask rather than a lower 
cingulum mask.  
 
Voxel-Based Morphometry Statistical Analysis. Voxel-based morphometry analyses were 
analyzed separately to determine differences between prenatal choline status (i.e., CS vs CD sow 
diet) or differences between postnatal choline status (i.e., CS vs CD milk replacer). As such, two-
sample permutation t-tests were performed on a voxel-by-voxel basis for gray and white matter 
differences between CS or CD pigs. A family-wise error correction (Gaussian Random Field 
Theory; P < 0.05) was applied to account for multiple-comparisons and an additional threshold 
criterion of at least 20-edge connected voxels was used to determine significant clusters. All P-






Tract-Based Spatial Statistics. For TBSS analysis, data were analyzed separately to determine 
differences between prenatal choline status (i.e., CS vs CD sow diet) or differences between 
postnatal choline status (i.e., CS vs CD milk replacer). A nonparametric permutation inference 
function called ‘randomise’ was used within the FSL toolbox and run as a two-sample t-test with 
500 permutations to compare the effects of early-life choline deficiency. Multiple comparisons 
were also accounted for within the randomize function. The resulting statistical analysis were 
analyzed for FA, AD, MD, and RD data.  
 
3.3 RESULTS 
Neonatal Pig Growth. Sow choline status did not influence pig birth weight with prenatally CS 
pigs averaging 1.59 kg and prenatally CD pigs averaging 1.52 kg. Moreover, there was no 
difference in bodyweight between the four dietary treatment groups after the 28-day postnatal 
feeding study. These findings were previously published and are provided to the reader for 
context of overall pig body growth. A more detailed description of pig growth can be found in 
Getty and Dilger 2015 (Getty and Dilger 2015).  
 
Voxel-Based Morphometry. Comparison of gray matter revealed localized clusters in which 
prenatal CS pigs exhibited increased (P < 0.01) gray matter compared with prenatal CD pigs 
(Table 3.1; Figure 3.1, CS > CD). These differences appeared in four separate clusters that were 
located in the left and right cortex, with the largest cluster located in the left cortex containing 
312 voxels. Notably, the Pig Brain Atlas does not differentiate between particular regions of the 
cortex; however, upon visual inspection these clusters appear to be located in the frontal and 





matter compared with prenatal CS pigs (i.e., CD > CS) yielded no significant (P > 0.05) clusters. 
Comparison of white matter revealed localized clusters in which prenatal CS pigs exhibited 
increased (P < 0.001) white matter compared with prenatal CD pigs (Table 3.1; Figure 3.2, CS > 
CD). These differences appeared in three separate clusters that were located in the putamen-
globus pallidus, right cortex, and internal capsule, with the largest cluster located in the putamen-
globus pallidus containing 203 voxels. The converse comparison in which prenatal CD pigs 
exhibited increased white matter compared with prenatal CS pigs (i.e., CD > CS) yielded no 
significant (P > 0.05) clusters. Assessment of gray and white matter differences between 
postnatal CS and postnatal CD pigs yielded no significant differences (P > 0.05) for the four 
possible comparisons (i.e., gray matter CS > CD; gray matter CD > CS; white matter CS > CD; 
white matter CD > CS). Notably, the regions identified above were determined by inserting the 
local maxima X, Y, and Z coordinates listed in Table 3.1 into the Pig Brain Atlas and cross-
referencing the brain region that was identified via the atlas.  
 
Tract-Based Spatial Statistics. No differences due to prenatal choline status were observed for 
diffusion values along pre-determined white matter tracts. Assessment of white matter tracts in 
which rates were higher in prenatally CD pigs compared with prenatally CS pigs (prenatal; CD > 
CS) indicated no significant results for FA (P = 0.28), AD (P = 0.65), MD (P = 0.63), and RD (P 
= 0.41). The converse assessment of areas along white matter tracts in which prenatally CS pigs 
exhibited greater diffusion values compared with prenatally CD pigs (prenatal; CS > CD) also 
indicated no significant differences for FA (P = 0.17), AD (P = 0.23), MD (P = 0.27), and RD (P 
= 0.29).  No differences due to postnatal choline status were observed for diffusion values along 





in postnatally CD pigs compared with postnatally CS pigs (postnatal; CD > CS) indicated no 
significant results for FA (P = 0.36), AD (P = 0.45), MD (P = 0.74), and RD (P = 0.91). The 
converse assessment of areas along white matter tracts in which postnatally CS pigs exhibited 
greater diffusion values compared with postnatally CD pigs (postnatal; CS > CD) also indicated 
no significant differences for FA (P = 0.95), AD (P = 0.89), MD (P = 0.59), and RD (P = 0.52). 
Supplemental Figure 3.1 shows the white matter skeleton that was used for TBSS assessment. 
Notably, the diffusion tensor values assess above are commonly used to determine alterations in 
water movement within tissue and changes in these values are related to changes in brain 




Choline is an essential nutrient that is important for many aspects of brain structural and 
functional development (Zeisel and Niculescu 2006). Research in rodent models of perinatal 
choline deficiency reports mechanisms through which altered choline status influences 
neurodevelopment, however these methods of evaluation necessitate invasive techniques. Thus, 
the aim of this study was to use non-invasive neuroimaging techniques to characterize alterations 
in gray and white matter development due to perinatal choline deficiency. Herein, we report that 
prenatal dietary choline deficiency exerts a greater influence on gray matter and white matter 
development than postnatal dietary choline deficiency. These findings are novel because they 
employ clinically-translatable, non-invasive neuroimaging techniques, in the well-established 
biomedical pig model, to show alterations in gray and white matter development as a result of 





have as great of an effect on gray and white matter development as a deficiency during the 
prenatal period. 
 
Choline Deficiency Affects Gray Matter. We previously reported that pigs exhibit smaller total 
brain volumes when exposed to choline deficiency during the prenatal period (Mudd et al. 2016). 
Notably, our previous analysis assessed relative regional volumes without identifying if gray or 
white matter had a greater influence on volumetric changes. Thus, to further characterize specific 
influences of dietary choline on gray or white matter development, we used VBM to assess 
differences in gray and white matter on a voxel-wise basis. Our results indicate that pigs exposed 
to prenatal choline deficiency exhibited reduced gray matter in both cortices compared with 
prenatal CS pigs. These findings corroborate our previous report of reduced total brain volumes 
and smaller absolute volumes of the left and right cortex (Mudd et al. 2016). Notably, there were 
no gray matter clusters in which prenatal CD pigs exhibited greater gray matter compared with 
prenatal CS pigs. Interestingly, these findings corroborate recent research in rodent models that 
indicates choline deficiency alters neural development. Mice that were born to CD dams 
exhibited increased hippocampal apoptosis and reduced neural progenitor cell proliferation 
(Craciunescu et al. 2003). Furthermore, a separate study in mice indicated decreased cortical 
neural progenitor cells and fewer upper layer cortical neurons in offspring from CD dams (Wang 
et al. 2016). Results from Wang and colleagues (Wang et al. 2016) suggest the apparent 
disruption in cortical development is the result of decreased epidermal growth factor receptor 
signaling in the CD mice. A separate study suggests prenatal choline deficiency in rats results in 
medial septal neurons with smaller cross-sectional areas compared with control rats (McKeon-





McKeon and colleagues, the observed decrease in gray matter in prenatally CD pigs may be the 
result of smaller neuron sizes.  Although cellular analysis was not a primary outcome in this 
study, our neuroimaging results provide a non-invasive characterization of altered cortical 
development in pigs that were exposed to choline deficiency throughout gestation, and 
corroborate our previous findings of reduced absolute cortical volumes in prenatally CD pigs 
(Mudd et al. 2016).  
 
In pigs, cortical development is reaching its maximal growth rate at 4 weeks of age and is 
expected to continue for several weeks thereafter (Conrad, Dilger, and Johnson 2012). In this 
study, we report differences in cortical gray matter at 4 weeks; our previous analysis reported 
differences in absolute cortical volumes, but no differences in relative volumes of the cortex 
(Mudd et al. 2016). We speculate that our VBM results indicate the very early stages of altered 
cortical development in which neural progenitor cells may be altered or even reduced in number, 
thereby presenting as reduced gray matter in our VBM findings.  Using the findings by Wang 
and colleagues (Wang et al. 2016) as evidence, we suggest that imaging the pigs at a later time-
point may result in reduced cortical volumes in the prenatally CD pigs, as it would be expected 
that cortical layers would not form properly, thus presenting as a reduction in cortical volume. 
While histological analysis of brain samples was not an outcome of our study, future work 
should seek to characterize cortical development in the context of perinatal choline deficiency. 
Work of this nature is warranted to verify similar influences of dietary choline across animal 







Choline Deficiency Affects White Matter. Assessment of white matter differences indicates an 
effect of prenatal choline status, in which prenatally CS pigs exhibit localized clusters of 
increased white matter compared with prenatally CD pigs. Whereas, all gray matter differences 
were identified in cortical regions, the greatest differences in white matter appear to be located in 
the putamen-globus pallidus and internal capsule. Notably, the location of all clusters was 
determined using the Pig Brain Atlas, which characterizes 19 different brain regions. While 
informative, the Pig Brain Atlas is not as granular as a human brain atlas, thus a more specific 
atlas may help to better define the exact locations of these differences.  
The internal capsule is one of the earliest myelinating brain regions (Deoni et al. 2011) 
and the presence of dietary choline is necessary for myelin components such as phospholipids 
and sphingomyelin (Caudill 2010). Thus, this observed reduction in white matter at 4 weeks of 
age in prenatally CD pigs may provide early indications of altered myelination. Our previous 
analysis did not observe diffusion differences in the internal capsule of these pigs (Mudd et al. 
2016), which may suggest that myelination was still occurring and was not altered enough to be 
detected through diffusion tensor imaging. Notably, diffusion tensor imaging is commonly used 
to assess alterations in water movement in tissue and is influenced by changes in myelination, 
axon growth and development, and increased fiber packing (Alexander et al. 2007; Le Bihan et 
al. 2001; Drobyshevsky et al. 2005).  Provided white matter differences are evident at 4 weeks of 
age, we speculate that imaging at later time-points would illuminate differences in diffusion 
within the internal capsule.  
Our results also indicate reduced white matter in the putamen-globus pallidus region of 
prenatally CD pigs. While there are not many studies that suggest an influence of dietary choline 





other brain regions, contain a high density of cholinergic neurons (Mesulam et al. 1992). 
Moreover, reduced acetylcholine concentrations (Wecker and Schnidt 1979) and impaired 
acetylcholine synthesis were observed in the striatum (i.e., brain region containing the caudate 
and putamen) of CD rats (Wecker 1988). A separate study noted decreased phosphatidylcholine 
concentrations in striatal cells that were stimulated in media containing low concentrations of 
choline, thereby suggesting the choline containing phospholipids acted as a choline pool for 
acetylcholine synthesis (Ulus et al. 1989).  White matter is in part composed of myelin, and 
among many other components, myelin is composed of phospholipids and sphingomyelin 
(Caudill 2010). Thus, the observed reduction of white matter in this region, which is highly 
innervated with cholinergic neurons, may suggest a breakdown of phospholipid products due to 
choline deficiency to ensure proper acetylcholine synthesis. To further characterize this 
observation, future work should seek to quantify acetylcholine concentrations in this brain region 
in the context of a choline deficiency intervention and should assess myelination to identify the 
extent of white matter composition in this region.  
 
Postnatal Effects of Choline Deficiency. Interestingly, our neuroimaging assessments indicated 
no significant effects of postnatal choline deficiency on aspects of gray and white matter 
development. These findings corroborate our previous findings which indicate the greatest effect 
of postnatal choline deficiency was on glycerophosphocholine-phosphocholine concentrations 
and not on brain volumes (Mudd et al. 2016). Whole-brain and cortical brain growth in the pig 
are at the maximal rate of growth at approximately 4 weeks of age (Conrad, Dilger, and Johnson 
2012), thus it is possible that a postnatal dietary choline deficiency would not be evident until 





development during the prenatal period. Research suggests that children born to mothers with 
higher gestational choline intake perform better on cognitive tasks later in life (Boeke et al. 
2013). Thus, these findings of altered gray and white matter development may offer a non-
invasive characterization of alterations in brain structure, which result in later life cognitive 
deficits.  
 
Conclusions. Herein, we report that prenatal choline deficiency influences cortical gray matter 
development and subcortical white matter development in the young pig. Although adequate 
choline intake is critical throughout the perinatal period, the lack of postnatal effects on gray and 
white matter development highlight the importance of choline during gestation. Provided most 
prenatal supplements do not contain adequate choline and pregnant women often fall below the 
suggested daily intake levels, our findings highlight the need for continued efforts to ensure 






3.5 TABLES & FIGURES 
Table 3.1 Voxel-based morphometry assessment of gray and white matter tissue differences between prenatally CS and CD pigs1 
   
Cluster Peak Local Maxima Coordinates3 
Tissue Comparison Anatomic Region2 # Voxels P-Value P-Value Pseudo-t X Y Z 
Gray CS > CD Left Cortex 312 <0.001 <0.001 9.54 -14.0 16.8 13.3 
  
Right Cortex 22 0.003 0.002 7.87 9.1 23.8 4.2 
  
Right Cortex 21 0.004 0.007 7.36 7.0 25.9 -1.4 
  
Left Cortex 42 0.001 0.018 6.88 -17.5 -2.8 14.7 
 
CD > CS 
  
None - - - - - 
White CS > CD Putamen-GP 203 <0.001 0.001 8.59 -8.4 13.3 1.4 
  
Right Cortex 53 <0.001 0.014 7.05 12.6 -9.8 4.9 
  
Internal Capsule 31 0.001 0.027 6.73 4.9 16.1 0.0 
 
CD > CS 
  
None - - - - - 
1Voxel-based morphometry analysis of gray and white matter differences in the prenatal CS and CD pig brains at PND 28. P-values reported 
are FWE-corrected (P < 0.05) and minimum cluster size of 20 voxels were used to determine voxel clusters listed in the table. Abbreviations: 
choline-deficient (CD), choline-sufficient (CS). 
2Brain regions based on visual inspection of the cluster location and cross-referenced with the Piglet Brain Atlas (Conrad et al. 2014). 
3Local maxima coordinates: X increases from left (−) to right (+), Y increases from posterior (−) to anterior (+), and Z increases from inferior 










Figure 3.1 Voxel-based morphometric assessment where prenatal CS pigs exhibit greater grey 
matter compared with prenatal CD pigs. The range of dark blue to light blue indicates the degree 
of statistical difference ranging from pseudo-t values of 6.80 to 9.55, respectively. All clusters 
represented in the figure are significant at a P-corrected value of P < 0.01. Notably, there were 
no significant clusters in which prenatal CD pigs exhibited greater grey matter  compared with 
prenatal CS pigs. Within the figure, the changes from Y=70 to Y=89 indicate movement from 
anterior to posterior, respectively, through the brain image slices. Abbreviations: choline 















Figure 3.2 Voxel-based morphometric assessment where prenatal CS pigs exhibit greater white 
matter compared with prenatal CD pigs. The range of red to yellow indicates the degree of 
statistical difference ranging from pseudo-t values of 6.70 to 8.60, respectively. All clusters 
represented in the figure are significant at a P-corrected value of P < 0.001. Notably, there were 
no significant clusters in which prenatal CD pigs exhibited greater white matter i compared with 
prenatal CS pigs. Within the figure, the changes from Y=35 to Y=73 indicate movement from 
posterior to anterior, respectively, through brain image slices. Abbreviations: choline deficient 














Supplemental Figure 3.1 Represented in green is the mean fractional anisotropy skeleton, 
representing the center of all common white matter tracts in pigs from this study. This skeleton 
was then applied to individual pig data to create distance maps for each of the diffusion measures 
and statistical analysis was performed on the distance maps generated in the TBSS analysis. 
Individual assessment of prenatal and postnatal choline status indicated no statistical differences 
(P > 0.05) in diffusion values along the white matter tracts pictured in green. Within the figure, 
the changes from Y=84 to Y=144 indicate movement from posterior to anterior, respectively, 
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CHAPTER 4: PERINATAL DIETARY CHOLINE DEFICIENCY IN SOWS 
INFLUENCES CONCENTRATIONS OF CHOLINE METABOLITES, FATTY ACIDS, 
AND AMINO ACIDS IN MILK THROUGHOUT LACTATION4 
ABSTRACT 
Background: Choline is an essential micronutrient required for synthesis of phospholipids, 
proper neurodevelopment, and DNA methylation. Currently a paucity of information exists on 
whether dietary perinatal choline deficiency affects maternal milk composition. This study 
sought to quantify how perinatal maternal dietary choline deficiency influences porcine milk 
composition throughout lactation.  
 
Methods: Yorkshire sows were provided either a choline-deficient (CD) or choline-sufficient 
(CS) gestation diet (544 or 1887 mg of choline/kg of DM in CD and CS diets, respectively) from 
65 d before to 48 h after farrowing (i.e., parturition) and then provided lactation diets (517 or 
1591 mg of choline/kg of DM in CD and CD diets, respectively) through d 19 of lactation. Milk 
was collected from 7 sows fed each diet at 3 lactation time-points: d 0 (colostrum), 7-9 (mature 
milk), and 17-19 (pre-weaning). Sow plasma was collected 65 d before and 19 d after farrowing. 
Porcine milk samples were analyzed for composition of choline metabolites, fatty acids and 
amino acids. All outcomes were analyzed to assess main and interactive effects of choline intake 
and time.  
                                               
4This is a pre-copyedited, author-produced version of an article accepted for publication in 
Journal of Nutrition following peer review. The version of record, “Mudd, AT, LS Alexander, 
SK Johnson, CM Getty, OV Malysheva, MA Caudill, and RN Dilger. 2016. Perinatal choline 
deficiency in sows influences concentrations of choline metabolites, fatty acids, and amino acids 
in milk throughout lactation. J Nutr. 146(11):2216-2223. doi: 10.3945/jn.116.238832” is 






Results: Plasma choline metabolites did not differ before start of dietary intervention, but lower 
concentrations of free choline, betaine, and dimethylglycine were evident in CD-fed sows 
compared with CS-fed sows at d 19 of lactation (interaction; P < 0.05). Milk betaine 
concentrations responded similarly, with no differences due to choline intake at d 0 of lactation, 
but lower concentrations in CD-fed sows compared with CS-fed sows at d 18 of lactation 
(interaction; P < 0.001). Certain milk long-chain fatty acids also exhibited interactive effects (P 
< 0.05), with no differences observed at d 0 of lactation, but higher concentrations in CD-fed 
sows compared with CS-fed sows at d 18 of lactation. 
 
Conclusions: These data indicate that, in pigs, dietary choline deficiency induces alterations, 
which are evident at the end of lactation, in plasma choline metabolites. Additionally, betaine 
and select fatty acids in porcine milk were sensitive to maternal dietary choline deficiency and 
day of lactation. Alterations in concentrations of these nutrients may impact early-life 
development of the neonate. 
4.1 INTRODUCTION 
Choline is an essential nutrient that acts as a precursor to metabolically-important 
molecules including betaine, phosphatidylcholine, and acetylcholine (Zeisel and Niculescu 
2006). Recent evidence suggests nearly 90% of adults do not achieve recommended daily 
adequate intake levels of choline, and gestating women are at an increased risk of this nutrient 
deficiency (Jensen et al. 2007). It is well known that human milk is the gold standard for optimal 
nutrient provision in the developing neonate (Ballard and Morrow 2013). Because pregnant and 





optimal nutrition, it is necessary to elucidate ways in which maternal choline deficiency alters 
milk nutrient profiles. By characterizing changes in milk composition, researchers stand to gain a 
better understanding how early-life nutrition in the developing neonate of a choline-deficient 
(CD) mother is altered. 
Many aspects of choline metabolism have been extensively characterized and have 
helped to highlight the physiological importance of this nutrient. For example, oxidation of free 
choline forms betaine, which donates a methyl group to homocysteine to re-form methionine, 
thus providing adequate methyl groups for one-carbon metabolism (Zeisel and Blusztajn 1994). 
As a main component of cell membranes, phosphatidylcholine is formed via either the cytidine 
diphosphate-choline (CDP-choline) or phosphatidylethanolamine N-methyltransferase (PEMT) 
pathways. Phosphatidylcholine biosynthesis via the CDP-choline pathway is generated from a 
phosphorylated free choline that is then attached to a diacylglycerol molecule, whereas in the 
PEMT pathway, phosphatidylethanolamine undergoes tri-methylation to form 
phosphatidylcholine (Caudill 2010). Provided that choline-derived metabolites have pivotal roles 
in many facets of intermediary metabolism, adequate provision of choline throughout the 
perinatal period is vital for proper neurodevelopment and cognitive function later in life (Boeke 
et al. 2013; Meck, Smith, and Williams 1988; Mehedint, Craciunescu, and Zeisel 2010; Mudd et 
al. 2016; Zeisel 2006). Choline derived methyl donors are often depleted in plasma of pregnant 
women, further suggesting an increased necessity for choline during gestation (Yan et al. 2012).  
While a large body of research exists to support the need for choline throughout 
gestation, little is known about the impact of dietary choline inadequacy during lactation. 
Analysis of rat milk indicates decreased phosphocholine concentrations in dams provided a CD 





increase metabolites derived from the PEMT pathway (Davenport et al. 2015). Whereas 
knowledge of choline metabolites present in milk is important, it is also necessary to understand 
whether maternal dietary choline intake throughout the perinatal period may elicit broad changes 
in the nutrient composition of milk. To our knowledge, no study has comprehensively 
characterized the nutrient profile of milk from CD mothers.  
The pig is a commonly utilized animal model for human nutrition as it shares striking 
similarities in nutrient requirements, metabolism, and physiology compared with humans (Miller 
and Ullrey 1987; Moughan et al. 1992). In the context of choline metabolism, pigs exposed to 
moderate perinatal choline deficiency exhibited physiological and neurodevelopmental 
pathologies commonly observed in humans and rodents, further justifying the pig as an optimal 
model for choline research (Getty and Dilger 2015; Mudd et al. 2016). By altering the choline 
content of the maternal diet throughout gestation and lactation, this study assessed the impact of 
dietary choline deficiency on porcine milk composition. To our knowledge, no study has 
quantitatively assessed the impact of dietary choline intervention on milk composition and 
therefore how milk nutrient profiles may be altered during maternal dietary choline deficiency. 
This study is the first to quantify the alterations in porcine milk fatty acids, amino acids, and 
choline metabolites due to maternal dietary choline deficiency. As such, it was hypothesized that 
maternal dietary choline deficiency would influence milk components, especially those involved 
in choline metabolism.   
4.2 MATERIALS & METHODS 
Animals and Housing. Fourteen multiparous Yorkshire sows from the University of Illinois 
Imported Swine Research Laboratory were bred to Yorkshire boars and housed in standard 





farrowing groups were used in this study with n = 3-4 sows per dietary treatment in each 
replicate. Sows were allowed ad libitum access to water and were fed once each day (0700 h) 
during gestation and twice each day (0700 h and 1600 h) during lactation to maintain body 
condition. From conception until 49 d of gestation sows were provided nutritionally-complete 
gestation diets (National Research Council (US) 2012). Starting at d 50 (i.e., d -65) of gestation 
and continuing through 48 h post-farrowing, sows were provided experimental gestation diets. 
Sows received experimental lactation diets of the same assigned gestational choline status from 
48 h post-farrowing through 19 d of lactation. Upon farrowing, pigs were cross-fostered within 
dietary treatment to ensure equal number of neonatal pigs (approximately 8) per sow throughout 
lactation. Body weights of individual neonatal pigs (N=94) from sows receiving the 
experimental diets were recorded on d 2, 7, and 18 post-farrowing. Plasma was collected from 
sows at baseline prior to assignment of experimental dietary treatment (i.e., d -65) and again at 
the end of the study (i.e., d 19). All animal care and experimental procedures were in accordance 
with the Guide for the Care and Use of Laboratory Animals and approved by the Institutional 
Animal Care and Use Committee of the University of Illinois.  
 
Experimental Diets. Corn and soy-protein isolate-based diets were formulated to meet 
requirements for all nutrients except choline (Supplementary Table 4.1) (National Research 
Council (US) 2012). Starting at d 50 of gestation and continuing until 48 h post-farrowing, sows 
were provided either a choline-sufficient (CS) diet (formulated to contain 1887 mg of choline/kg 
of DM) or a choline-deficient (CD) diet (formulated to contain 544 mg of choline/kg of DM). A 
prophylactic antibiotic (BMD60, Alpharma, Bridgewater, NJ) was added to diets according to 





induced diarrhea in pigs. Forty-eight hours after farrowing, sows were switched to lactation diets 
and remained on the same dietary choline intake as during the gestation period. From 48 h post-
farrowing until 19 d of lactation, sows received either a CS (formulated to contain 1591 mg of 
choline/kg DM) or CD (formulated to contain 517 mg of choline/kg DM) lactation diet that 
included the same prophylactic in-feed antibiotic as described above.  
 
Milk Collection. Milk samples were collected at 3 time-points throughout lactation to permit 
quantification of the nutritional composition of porcine milk. Colostrum was collected within 6 h 
of farrowing and mature milk samples were collected over 3 d periods, i.e., d 6-8 and d 17-19, 
resulting in total collection volume of approximately 250 mL per sow at each time-point. To 
facilitate milk let-down, pigs were removed from the sow for 1 h and placed in an empty, 
adjacent farrowing stall with access to supplemental heat and water. After pigs had been 
removed for 1 h, oxytocin (OxoJect, Henry Schein Animal Health, Dublin, OH, USA) was 
administered via 2 mL intramuscular injection to the neck of the sow, and porcine milk was 
collected manually into 50 mL conical tubes and stored at -20°C. Prior to analysis, milk was 
thawed at 4°C and combined per sow within each time-point to create a homogenous sample. 
Porcine milk samples (N = 42, n = 7 per dietary treatment on each of 3 time-points throughout 
lactation) were analyzed for choline metabolites, amino acids (both free and protein-bound), 
long-chain fatty acids, calcium, phosphorus, lactose, and proximate composition as described 
below. 
 
Dietary Treatments Analysis. Gestation and lactation diet samples were analyzed for dry matter 





fat (by ether extract, AOAC, 920.39), and crude protein (by combustion analysis of total 
nitrogen; Leco Corp., St. Joseph, MI; assumed correction factor of 6.25, AOAC, 990.03) by the 
University of Missouri Agricultural Experiment Station Chemical Laboratories (Supplementary 
Table 1). 
 
Choline Metabolite Analysis. Choline metabolites were analyzed in heparinized plasma and 
porcine milk using validated procedures (Koc et al. 2002). All samples were analyzed in 
duplicate and were extracted on the same day and analyzed together on the same liquid 
chromatography tandem mass spectrometry (LC-MS/MS) instrument. Controls were consistent 
with previous measurements collected in this analytical laboratory. Free choline, betaine, 
methionine, and dimethylglycine were quantified using the Holm method (Holm et al. 2003).  
The Koc method was used to quantify glycerophosphocholine, phosphocholine, 
phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine (Koc et al. 2002).  
 
Porcine Milk Composition Analysis 
Fatty Acid Analysis. Fatty acids were extracted from porcine milk samples using validated 
methods (Lepage and Roy 1968). Extracted samples were then analyzed using standardized 
procedures (AOCS Ce 1j-07, 2009) and all samples were analyzed in duplicate.  
 
Free and Hydrolyzed Amino Acid Analysis. A complete amino acid profile (AOAC, 982.30 E (a, 
b, c), chp. 45.3.05, 2006) of porcine milk samples was generated by the University of Missouri 





and after subjecting milk samples to the hydrolysis procedure generated quantitative 
concentrations of free and protein-bound (i.e., total) amino acids, respectively. 
 
Macronutrient, Energy, and Mineral Analysis. Gross energy of milk was determined by adiabatic 
bomb calorimetry (Parr Instruments, Moline, IL). Calcium and phosphorus concentrations were 
determined by atomic absorption spectroscopy (AOAC 968.08) and colorimetric assay (AOAC 
931.01), respectively. Porcine milk samples were also analyzed for dry matter (AOAC 934.01, 
2006, vacuum oven), organic matter and ash (AOAC, 942.05), acid hydrolyzed fat (by ether 
extract, AOAC, 920.39 (A)), and crude protein (by combustion analysis of total nitrogen; Leco 
Corp., St. Joseph, MI; assumed a correction factor of 6.38, AOAC, 990.03, 2006). 
 
Statistical Analysis. Data were analyzed using the MIXED procedure of SAS 9.4 (SAS Institute 
Inc., Cary, NC). Pig body weight and milk composition data were analyzed as a 2-way repeated 
measures ANOVA (i.e., dietary choline intake with collection time-point as the repeated 
measure) with sow and parity included as covariates and replicate included as a random effect. 
Interactive effects were defined as an interaction between dietary choline status and day of 
lactation. Significance was accepted at P ≤ 0.05, with trends denoted at 0.05 < P < 0.10. Data are 
presented as least square means with a pooled SEM. Individual sow was considered the 
experimental unit. 
4.3 RESULTS 
Choline Metabolites in Sow Plasma. Interactive effects of maternal choline intake and time were 
observed for plasma choline (P = 0.001), betaine (P < 0.001), dimethylglycine (P < 0.001), 





concentrations did not differ between CS- and CD-fed sows at baseline (i.e., 65 d prior to 
farrowing), but were decreased (P = 0.001) in dietary CD-fed sows at d 19 of lactation. 
Phosphatidylcholine concentrations increased (P < 0.001) from baseline to d 19 of lactation, 
regardless of maternal choline intake. Plasma concentrations of lysophosphatidylcholine (P = 
0.018) and glycerophosphocholine (P = 0.005), were higher in sows fed the CD diet compared 
with those fed the CS diet. Metabolites were expressed as a proportion of total analyzed choline 
metabolites and presented in Figure 4.1, highlighting the lack of differences at baseline and 
changes in choline-metabolite profiles at the end of lactation.  
 
Milk Composition 
Milk Choline Metabolites. An interactive effect of maternal choline intake and d of lactation was 
observed for milk betaine (P < 0.001) (Table 4.2). Milk betaine concentrations did not differ 
between CS- and CD-fed sows at d 0 of lactation, but were decreased in milk from dietary CD 
sows at d 18 of lactation. Overall, milk methionine (P < 0.001) and phosphocholine (P = 0.003) 
concentrations increased and free choline (P = 0.024), glycerophosphocholine (P < 0.001), and 
sphingomyelin (P < 0.001) concentrations decreased between d 0 to d 18 of lactation (Table 4.2). 
Phosphatidylcholine concentrations were not affected by dietary choline deficiency, d of 
lactation, or their interaction. Metabolites were expressed as a proportion of total analyzed 
choline metabolites and presented in Figure 4.2. While quantified, lysophosphatidylcholine 
concentrations were detected in only 15 of 42 milk samples and therefore not reported herein, the 






Milk Fatty Acids. An interactive effect of maternal choline intake and d of lactation was observed 
for total identified milk fatty acids (P = 0.014) (Figure 4.3). Analysis of individual milk fatty 
acids revealed interactive effects for 14:0 (P = 0.005), 16:0 (P = 0.005), 16:1n-7 (P = 0.002), 
18:0 (P = 0.023), and 18:1n-9 (P = 0.049). In general, for each of the interactive effects, the 
fatty acid concentration of milk from sows provided the CD diet continued to numerically 
increase from d 0 to d 18, while fatty acid concentrations in milk from sows provided the CS diet 
increased (P < 0.05) from d 0 to d 7 but remained the same (P > 0.05) from d 7 to d 18. A main 
effect (P < 0.05) of lactation d was also observed for 14 of the 24 reported fatty acids 
(Supplemental Table 4.2), with relative fatty acid profiles presented in Supplemental Table 4.3. 
In general, individual milk fatty acid concentrations tended to increase from farrowing through 
the end of lactation, which is consistent with analyzed changes in acid hydrolyzed fat of porcine 
milk, described below.  
  
Milk Amino Acids. Analysis of milk free amino acids revealed interactive effects (Figure 4.4) for 
asparagine (P = 0.042), cystathionine-allocystathionine (P = 0.015), threonine (P = 0.011), and 
phosphoethanolamine (P = 0.022) [non-amino acid compound]. Concentrations of α-amino-n-
butyric acid were decreased (P = 0.039) in milk of CD-fed sows when compared with CS-fed 
sows. A main effect (P < 0.05) of lactation d was observed for 33 of the 35 analyzed free amino 
acid metabolites (Supplemental Table 4.4). In general, milk free amino acids tended to increase 
throughout lactation. 
Analysis of milk hydrolyzed amino acids revealed no interactive effects or main effects 
of maternal choline intake; only a main effect of lactation d (P < 0.05) was observed 





< 0.001) than at either d 7 or d 18, which did not differ from one another. The milk total protein 
concentration, assessed as the sum of all analyzed milk amino acid metabolites, decreased 
throughout lactation (P < 0.001), consistent with milk crude protein (i.e., total nitrogen with 
assumed correction factor of 6.38), as described below.  
 
Milk Proximate Analysis. No interactive effect or main effect of dietary choline status was 
observed for any nutrient (Supplemental Table 4.6). Dry matter content of porcine milk 
decreased (P < 0.001) throughout lactation, indicating milk became less concentrated over time. 
Organic matter (P < 0.001), gross energy (P < 0.001), and crude protein decreased (P < 0.001) 
and acid hydrolyzed fat (P < 0.001), phosphorus (P < 0.001), calcium (P < 0.001), and lactose 
(P = 0.001) increased in concentration throughout lactation.  
 
Pig Growth Performance. Overall, dietary choline deficiency of the sow resulted in no 
interactive effect (P = 0.38) or main effect of choline intake (P = 0.59), however a main effect of 
d of lactation (P < 0.001) was observed for pig body weight (Supplemental Figure 4.1). Dietary 
choline intake did not affect mean daily weight gain of pigs from 2 to 7 d of age (P = 0.08) or 7 
to 18 d of age (P = 0.60; data not shown). Observational daily reports indicate pigs were of good 
health throughout the study. 
4.4 DISCUSSION 
In this study, sows were provided either a CD or CS diet for the last 65 d of gestation thru 
19 d of lactation. Blood was collected from sows at baseline (i.e., prior to provision of dietary 
treatments, d -65) and at the end of lactation (i.e., d 19). At parturition and at two subsequent 





study assessed the effects of maternal dietary choline deficiency on milk composition to better 
understand how dietary choline deficiency, in pigs, might alter early-life nutrition in the neonate. 
Herein, we describe for the first time alterations in sow plasma induced by dietary choline 
deficiency, as well as highlighting novel findings of altered fatty acid and amino acid 
composition of porcine milk.  
 
Dietary Choline Deficiency and Plasma Choline Profiles. Blood was collected 65 prior to 
parturition, just before provision of experimental diets, and again at d 19 of lactation. Sows on 
this study were part of the research animal herd maintained at the university, and therefore were 
not sacrificed for tissue collection at the end of the study. Thus, hepatic measures of choline 
deficiency were not obtained and only plasma measures were used to characterize alterations in 
choline status.  
Analysis of free choline revealed no differences between treatment groups at baseline 
(i.e., d -65), and free choline measures were not different from baseline in sows provided the CS 
diet at the end of lactation (i.e., d 19). Notably, sows that were provided CD diets exhibited 
twenty-five percent lower free choline compared with baseline measures and when compared 
with sows provided the CS diet on d 19, suggesting a strain on overall choline status in the 
dietary CD group. Plasma betaine levels remained the same in dietary CD sows, whereas dietary 
CS sows exhibited an increase in betaine concentrations from baseline to the end of lactation. 
Analysis of dimethylglycine concentrations was not different between treatment groups at 
baseline and did not change in CS sows throughout lactation, while concentrations were largely 
reduced (approximately 80% reduction, relative to baseline) in sows that received CD diets. As a 





donates a methyl group to homocysteine, resulting in the formation of dimethylglycine and 
methionine, respectively (Caudill 2010). Thus, the plasma data presented here suggest an 
attenuation of this part of the methyl cycle in dietary CD sows. Phosphatidylcholine can be 
converted to free choline via the following conversion process: phosphatidylcholine to 
lysophosphatidylcholine to glycerophosphocholine to free choline. In this study, 
glycerophosphocholine and lysophosphatidylcholine were elevated in the plasma of dietary CD 
sows, which may indicate choline-containing metabolites that are being shunted towards the 
formation of free choline. This is the first study to show perinatal dietary choline deficiency 
induces alterations in plasma choline metabolites of lactating sows.   
 
Dietary Choline Deficiency and Milk Choline Metabolite Profiles. Bovine and rodent milk have 
different choline metabolite profiles when compared with human milk (Holmes-McNary et al. 
1996). This study highlights a striking similarity between porcine and human milk choline 
metabolite composition, which is much more similar than other animal models. Analysis of 
human milk choline moieties revealed milk phosphocholine constituting 45% of total milk 
choline, followed by glycerphosphocholine (29%), sphingomyelin (10%), free choline (9%), and 
phosphatidylcholine (7%) (Caudill 2010; Holmes-McNary et al. 1996). The present study 
revealed similar proportions of choline metabolites in porcine milk with the most abundant being 
phosphocholine (35%), followed by glycerophosphocholine (26%), sphingomyelin (18%), free 
choline (9%), and phosphatidylcholine (7%). These data are largely different from rodent milk, 
which has much smaller concentrations of free choline, and bovine milk, which has a much 





relative composition of milk metabolites, this study suggests the pig may be an important 
translational model for assessing the impact of dietary choline deficiency throughout lactation.  
 
Dietary Choline Deficiency and Milk Nutrient Composition. Maternal dietary choline deficiency 
influenced betaine concentrations present in porcine milk. Betaine concentrations in milk from 
sows provided CD diets did not change throughout lactation, while sows provided CS diets 
produced betaine concentrations that continued to increase at each of the three lactation time-
points. This is similar to observations in plasma in which betaine increased in CS sows but did 
not change in CD sows. Moreover, betaine levels in milk from sows provided CS diets were 
largely increased at the end of lactation compared with that of sows provided CD diets. While 
free choline concentrations in milk were not influenced by dietary choline intake, it is possible 
this was at the expense of betaine formation through choline oxidation (Zeisel and Blusztajn 
1994). Although dimethylglycine does not appear to be present in milk, plasma data suggests an 
attenuation of the choline to betaine to methionine pathway, which may also be impacted in 
mammary tissue.  These observations are in contrast to analysis of milk produced by choline-
deficient, -adequate, and -supplemented rat dams which indicated dietary choline status 
influenced phosphocholine concentrations, with CD rats exhibiting lower milk phosphocholine 
concentrations compared with choline-adequate or -supplemented rats (Holmes-McNary et al. 
1996). Rat and human mammary tissue can synthesize choline and choline-related metabolites de 
novo, in addition to active uptake from circulation (Chao, Pomfret, and Zeisel 1988; E. K. Yang 
et al. 1988). Thus, the difference in affected choline metabolites between rodents and pigs might 





Analysis of milk fatty acids revealed interactive effects for 14:0, 16:0, 16:1n-7, 18:0, 
18:1n-9, and total identified fatty acids, suggesting that maternal dietary choline intake did affect 
the amount of fatty acids present in porcine milk. Interestingly, all fatty acids that exhibited the 
interactive effects followed a similar trend in which the concentration in milk from dietary CS 
sows increased from d 0 to 7 and then plateaued, with no change from d 7 to 18. This is in 
contrast to milk from sows receiving CD diets in which there appeared to be a continued 
numerical increase from d 0 through 18. Moreover, in all five interactions, the fatty acid 
concentration on d 18 in milk from CD sows was numerically higher than any other 
measurement regardless of d of lactation or choline intake of the sow. It is unclear why observed 
concentrations in milk from CS sows plateaued while milk from CD sows continued on a 
positive trajectory. The observed increase in long-chain saturated and unsaturated fatty acids 
may be indicative of altered lipid metabolism due to maternal choline deficiency. The data 
presented does not allow for an understanding of whether the impacted fatty acids are in the 
triacylglycerol or phospholipid form, thus making interpretation of the exact mechanism 
difficult. Provided phospholipids make up less than one percent of milk in humans (Hazer et al. 
1983) and approximately 95% of fat in porcine milk is present in triglyceride form (Hurley 
2015), we hypothesize that the observed differences in fatty acids between treatments is not 
entirely caused by aberrant CDP-choline or PEMT pathways. To our knowledge no other study 
has characterized the fatty acid composition of milk from dietary CD mothers. These data 
warrant further investigation into the mechanisms whereby maternal dietary choline deficiency 
impacts milk fatty acid profiles.   
While not an amino acid, phosphoethanolamine quantification was generated through the 





highest on d 0 in milk from sows provided CD diets and remained numerically higher than 
phosphoethanolamine in milk from sows provided CS diets throughout lactation. 
Physiologically, phosphoethanolamine is a precursor to compounds used in both the CDP-
choline and PEMT pathways, thus our data suggest a possible attenuation in these pathways as 
evidenced by the increase in this compound in milk from CD sows. Previous research suggests 
rats provided a CD diet exhibit increased concentrations of ethanolamine and its derivatives in 
the liver, suggesting a block in the phosphatidylethanolamine synthesis pathway (Haines and 
Rose 1970). As such, the observation of increased phosphoethanolamine in milk from sows 
provided CD diets may be due to alterations in the synthesis of phosphatidylethanolamine.  
Three free amino acids present in porcine milk were impacted by maternal dietary 
choline intake. Milk concentrations of free asparagine, cystathionine and threonine all exhibited 
interactive effects. Milk from sows provided CD diets exhibited cystathionine concentrations that 
were higher than those from dietary CS sows on d 7 of lactation. When the methyl cycle is 
functioning properly and homocysteine levels are adequate, carbon from methionine undergoes 
an irreversible transsulfuration reaction to form cystathionine (Stipanuk 2004). As such, we 
propose that this increase in cystathionine may be indicative of an overcompensation of folate to 
ensure proper functioning of the methyl cycle in the presence of decreased betaine 
concentrations (Horne, Cook, and Wagner 1989). Overcompensation of folate for proper methyl 
cycle functioning could also explain the lack of methionine differences in both plasma and milk, 
even though betaine is severely limited in a dietary CD state. It is unclear how asparagine and 
threonine might be influenced by maternal dietary choline deficiency, thus future research should 






Lactation Time-Point and Changes in Milk Composition. Overall, minimal interactive and 
dietary effects were observed for analyzed milk nutrients, indicating maternal dietary choline 
deficiency did not have a global influence on milk composition. Accordingly, maternal dietary 
choline deficiency did not appear to affect pig growth performance, as pigs on this study 
exhibited normal growth trajectories from 0 to 18 d of age. This finding is consistent with growth 
of perinatally CD and CS artificially reared pigs, further corroborating evidence that maternal 
choline deficiency does not impact offspring growth potential early in life (Getty and Dilger 
2015). 
Maternal dietary choline deficiency did not appear to influence the macronutrient, energy 
or mineral composition of milk. Proximate nutrient analyses revealed decreases in crude protein 
and organic matter, whereas acid hydrolyzed fat, lactose, calcium and phosphorus content 
increased across lactation. Changes in concentrations of all of these measures contributed to a 
general decrease in gross energy content from parturition thru 18 d of lactation. Dry matter 
composition of milk also decreased from farrowing to d 18 of lactation, indicating milk became 
less concentrated over time. The resistance of alterations in lactose and mineral composition to 
dietary intervention is consistent with observations in human milk composition (Lönnerdal 
1986).  Additionally, the changes in proximate nutrients across lactation are consistent with what 
has previously been observed in both human and porcine milk (Ballard and Morrow 2013; Csapo 
et al. 1996).  
Analysis of compounds involved in choline metabolism revealed fluctuations in 
metabolite concentrations throughout lactation, with maternal dietary choline deficiency 
minimally influencing milk choline metabolites. Regardless of dietary treatment, methionine and 





decreased in concentration across lactation time-points. Interestingly, phosphatidylcholine 
concentrations remained unchanged regardless of lactation stage and maternal dietary choline 
intake. Donovan and colleagues observed similar trends in porcine milk where concentrations of 
glycerophosphocholine decreased, phosphocholine increased, and phosphatidylcholine remained 
constant across lactation (Donovan and Zeisel 1997). Analysis of human milk suggests 
phosphatidylcholine concentrations remain constant regardless of lactation stage, further 
corroborating the observations of phosphatidylcholine in our study (Zeisel, Char, and Sheard 
1986). Due to use of different sample extraction methods prior to choline analyses, it is difficult 
to compare absolute concentrations of metabolites assessed in these studies with the present 
study.  
 
Conclusion. To our knowledge no other study has assessed the influence of perinatal dietary 
choline deficiency on porcine milk composition. Dietary choline deficiency largely influenced 
plasma choline metabolites, with observed reductions in free choline, betaine, and 
dimethylglycine in dietary CD sows compared with dietary CS sows. Porcine milk choline 
composition revealed striking similarities to human milk composition, thereby establishing the 
pig as an optimal model for further choline deficiency research. While dietary choline did not 
elicit a global impact on milk nutrient composition, differences in concentrations of betaine, 
select fatty acids, and free amino acids between dietary treatments indicated sensitivity of certain 
milk nutrients to maternal choline intake in pigs. Importantly, decreased betaine concentrations 
in milk from sows receiving a CD diet may have epigenetic implications in the offspring, 
warranting further research into the long-term effects of this observed phenomenon. While exact 





in pigs, alters the composition of nutrients provided to the developing neonate. It is possible that 
the altered nutrient profile of milk from a maternal diet deficient in choline may contribute to the 





4.5 TABLES & FIGURES 






Compound, nmol/mL Day -65 Day 19 Day -65 Day 19 SEM Choline Intake Day Choline Intake x Day 
Choline 7.00b 8.26b 7.49b 5.55a 0.474 0.036 0.45 0.001 
Betaine 113a 214b 121a 90.4a 15.0 <0.001 0.004 <0.001 
Dimethylglycine 1.39b 1.47b 1.56b 0.33a 0.139 0.001 <0.001 <0.001 
Methionine 56.1c 29.6a 51.1c 38.1b 6.97 0.56 <0.001 0.011 
Sphingomyelin 106a 149b 111a 177c 6.22 0.033 <0.001 0.045 
Glycerophosphocholine 20.8 24.2 21.7 31.6 1.86 0.005 0.005 0.15 
Phosphocholine 1.84 1.86 2.15 2.04 0.391 0.42 0.83 0.76 
Phosphatidylcholine 776 1400 772 154 68.0 0.34 <0.001 0.29 
Lysophosphatidylcholine 71.8 71.2 76.6 82.8 3.18 0.018 0.39 0.29 
1Values are means and pooled SEMs, n = 7. Labeled means in a row without a common superscript letter differ, P < 0.05. CD, 








Table 4.2 Milk choline metabolites in sows fed CS or CD diets from gestation day 50 (day -65) through day 19 of lactation1 













18 SEM Choline Intake Day Choline Intake X Day 
Methionine 1.26 23.0 21.9 1.58 17.8 22.2 5.49 0.77 <0.001 0.56 
Betaine2 74.0a 156b 458c 59.0a 81.1ab 123ab 29.3 <0.001 <0.001 <0.001 
Choline 529 417 201 403 222 283 156 0.34 0.024 0.15 
Glycerophosphocholine 2580 846 736 1820 1000 834 302 0.61 <0.001 0.13 
Phosphocholine 961 1260 1240 1090 1210 1140 82.7 0.94 0.003 0.22 
Phosphatidylcholine 257 257 238 233 238 302 32.0 0.84 0.60 0.20 
Sphingomyelin 947 678 568 788 623 578 51.9 0.26 <0.001 0.14 
1Values are means with pooled SEMs, n = 7. Labeled means in a row without a common superscript letter differ, P < 0.05. CD, choline-







Supplemental Table 4.1 Formulated and analyzed composition of CD and CS gestation and lactation sow diets1 
 
Gestation   Lactation   
Ingredient, g/kg CD CS CD CS 
Ground corn 785 785 652 652 
Beet pulp, dried with molasses2 70 70 65 65 
Soy protein isolate3 60 60 118 118 
Cornstarch 42.7 39.7 103.4 101 
Dicalcium phosphate 20 20 20 20 
Corn oil 10 10 30 30 
Limestone 7.5 7.5 6.5 6.5 
Vitamin and mineral premix4 3.0 3.0 3.0 3.0 
Choline chloride5 0.0 3.0 0.0 2.4 
Bacitracin6 0.0 0.0 2.1 2.1 
DL-Methionine 1.5 1.5 0.0 0.0 
L-Tryptophan 0.3 0.3 0.0 0.0 
     Formulated composition, mg/kg 
       Choline 544 1887 577 1591 
   Folate 2.8 2.8 2.6 2.6 
Analyzed composition 
       Dry matter, % 90.7 90.6 88.6 88.8 
 -------------------------------- g/100g dry matter----------------------------- 
Organic matter 96.0 95.6 95.9 95.6 
Crude protein 13.7 13.7 17.2 18.3 
Crude fat 3.21 2.69 3.21 2.58 
Amino Acids 
       Lysine 0.64 0.64 1.04 0.99 
   Methionine 0.41 0.42 0.26 0.25 
   Cysteine 0.22 0.23 0.27 0.25 
   Arginine 0.77 0.75 1.21 1.11 
   Isoleucine 0.54 0.54 0.81 0.77 
   Leucine 1.39 1.42 1.67 1.57 
   Valine 0.71 0.70 0.90 0.87 
   Phenylalanine 0.67 0.66 0.97 0.91 
   Threonine  0.45 0.46 0.69 0.66 
   Tryptophan 0.17 0.15 0.20 0.21 
1Experimental diets were formulated to meet or exceed nutrient and metabolizable energy requirements for sows (National 
Research Council (US) 2012), with the exception of choline in diets designated as deficient. Abbreviations: CD- choline 
deficient; CS- choline sufficient. 
2Beet pulp shreds with molasses, Midwest Agri-Commodities, San Rafael, CA. 
3Ardex F, Archer Daniels Midland, Decatur, IL.   
4Provided per kg of complete diet: biotin, 0.4 mg; Ca, 318 mg (CaCO3); Cu, 10.2 mg (CuSO4·5H2O); Fe, 128 mg 
(FeSO4·H2O); folic acid, 1.6 mg; I, 1.3 mg (ethylenediamine dihydroiodide); Mn, 60 mg (MnSO4·H2O); niacin, 44 mg 
(nicotinamide); pantothenic acid, 24 mg (D-Ca pantothenate); pyridoxine, 0.2 mg (pyridoxine·HCl); riboflavin, 6.6 mg; Se, 0.3 
mg (50% Se yeast, 50% Na2SeO3); thiamine, 0.2 mg (thiamine mononitrate); vitamin A, 11,160 IU (retinyl acetate); vitamin B-
12, 0.03 mg; vitamin D, 2,214 IU (cholecalciferol);	vitamin E, 66 IU (d,l-α-tocopherol acetate); vitamin K, 1.4 mg (menadione 
nicotinamide bisulfite); Zn, 125 mg (ZnSO4 · H2O). 
5Choline chloride 60%, Balchem, New Hampton, NY 





Supplemental Table 4.2 Porcine milk fatty acid concentrations from day 0 to day 18 of 
lactation1 
 
Day of lactation 
 
Day  
Fatty Acid, mg/mL 0 7 18 SEM P-value 
4:0 0.025a 0.026a 0.035b 0.006 0.042 
14:02 0.052a 0.177b 0.269c 0.021 <0.001 
16:02 0.56a 1.46b 1.86c 0.163 <0.001 
16:13 0.031 0.024 0.029 0.017 0.280 
16:1 (n-7)2 0.111a 0.590b 0.882c 0.069 <0.001 
18:02 0.201a 0.314b 0.306b 0.038 0.003 
18:1 (n-9)2 0.979a 1.84b 2.46c 0.323 <0.001 
18:1 (n-7) 0.085a 0.118b 0.154b 0.02 0.007 
18:2 (n-6)  0.712a 1.658b 2.05c 0.391 <0.001 
18:3 (n-6)4 0.008 0.009 0.013 0.003 0.29 
18:3 (n-3) 0.028a 0.059b 0.074c 0.016 <0.001 
20:1 (n-9) 0.007a 0.014ab 0.021b 0.006 0.012 
20:2 (n-6) 0.016 0.02 0.026 0.005 0.09 
20:3 (n-6) 0.004a 0.012b 0.011b 0.008 0.005 
20:4 (n-6) 0.074 0.095 0.081 0.014 0.08 
20:4 (n-3) 0.002 0.002 0.001 0.002 0.83 
22:0 0.009 0.012 0.015 0.009 0.32 
22:3 (n-3) 0.007 0.015 0.012 0.01 0.16 
22:4 (n-6) 0.010 0.015 0.009 0.004 0.15 
22:5 (n-6) 0.003 0.011 0.01 0.006 0.16 
22:5 (n-3) 0.004 0.004 0.005 0.003 0.91 
24:0 0.021a 0.029b 0.027b 0.003 <0.001 
24:1 (n-9) 0.009 0.014 0.01 0.003 0.24 
Total Identified2,5  2.96a 6.56b 8.46c 1.02 <0.001 
abcMeans without a common letter differ, P < 0.05. 
1Values are means with pooled SEM denoted, N = 14. Means are presented as an average across 
treatment groups for each lactation time-point (i.e., main effect of lactation d). Fatty acids not 
presented due to undetectable concentrations at one or more time-points include: 5:0; 6:0; 8:0; 
10:0; 12:0; 14:1 (n-5); 17:0; 17:1 (n-9); 18:1 (n-9) trans; 18:1 (n-11); 20:0; 20:1 (n-7); 21:5 (n-
3); 22:2 (n-6); 23:0; 25:0. However, all of these fatty acid concentrations were included in the 
identified and total concentrations displayed herein. 
2Interactive effect (i.e., choline intake x lactation day) (P < 0.05). Main effect means for day of 
lactation are presented herein, while the interactive effects are presented in Figure 3. 
3Sum of co-eluting cis and trans isomers. 
4Main effect of dietary choline intake (P < 0.05), data not shown.  







Supplemental Table 4.3 Porcine milk relative fatty acid profiles from day 0 to day 18 of 
lactation1  
 Day of lactation  Day % of Total Fatty Acids 0 7 18 SEM P-value 
4:0  0.875b 0.471a 0.415a 0.093 <0.001 
14:0  1.72a 2.60b 3.16c 0.202 <0.001 
16:0 18.3a 21.6b 21.8b 1.14 <0.001 
16:12 1.00b 0.327a 0.319a 0.252 <0.001 
16:1 (n-7) 3.69a 8.44b 10.5c 1.06 <0.001 
18:0  6.65c 4.92b 3.71a 0.242 <0.001 
18:1 (n-9) 31.4b 26.4a 28.7a 0.868 0.003 
18:1 (n-7) 2.71b 1.70a 1.82a 0.090 <0.001 
18:2 (n-6) 22.6 24.7 22.8 2.21 0.42 
18:3 (n-6),4 0.313b 0.137a 0.119a 0.110 0.003 
18:3 (n-3) 0.887 0.879 0.820 0.124 0.48 
20:1 (n-9)4 0.209 0.185 0.211 0.075 0.89 
20:2 (n-6)  0.516b 0.319a 0.283a 0.057 0.003 
20:3 (n-6) 0.126 0.22 0.164 0.173 0.17 
20:4 (n-6) 2.55c 1.53b 0.909a 0.182 <0.001 
20:4 (n-3) 0.099 0.049 0.011 0.067 0.43 
22:0 0.267 0.181 0.167 0.151 0.35 
22:3 (n-3) 0.187 0.166 0.103 0.143 0.50 
22:4 (n-6) 0.399 0.278 0.118 0.117 0.06 
22:5 (n-6) 0.101 0.194 0.148 0.140 0.45 
22:5 (n-3) 0.101 0.064 0.055 0.072 0.70 
23:0 0.04 0.051 0.021 0.032 0.30 
24:0  0.684c 0.488b 0.329a 0.058 <0.001 
24:1 (n-9) 0.291 0.234 0.126 0.065 0.15 
Total Identified5 95.7a 96.7a 97.8b 0.327 <0.001 
abcMeans without a common letter differ, P < 0.05. 
1Values are means with pooled SEM denoted, N = 14. Means are presented as an average across 
treatment groups for each lactation time-point (i.e., main effect of lactation d). Fatty acids not 
presented due to undetectable concentrations at one or more time-points include: 5:0; 6:0; 8:0; 10:0; 
12:0; 14:1 (n-5); 17:0; 17:1 (n-7); 18:1 (n-9) trans; 18:1 (n-11); 20:0; 20:1 (n-7); 21:5 (n-3); 22:2 (n-
6); 23:0; 25:0. 
2Sum of co-eluting cis and trans isomers. 
3Interactive effect (i.e. choline intake x lactation day) (P < 0.05), data not shown.  
4Main effect of choline intake (P < 0.05), data not shown.  







Supplemental Table 4.4 Porcine milk free amino acid concentrations from day 0 to day 18 of lactation1 
 
Day of lactation 
 
Day  
Compound, µg/mL 0 7 18 SEM P-Value 
Indispensable 
        Histidine  1.11a 6.74b 7.20b 0.823 <0.001 
   Isoleucine  0.411a 2.43b 2.64b 0.489 <0.001 
   Leucine 2.42a 8.76b 8.60b 2.11 0.001 
   Lysine 2.42a 14.8b 14.8b 2.21 <0.001 
   Methionine  0.203a 3.27b 3.65b 0.586 <0.001 
   Phenylalanine 1.66a 9.72b 8.93b 1.68 <0.001 
   Threonine2 2.42a 10.8b 11.9b 1.28 <0.001 
   Valine  1.76a 5.72b 5.79b 0.946 <0.001 
Dispensable 
        Alanine  3.98a 31.0b 31.8b 2.81 <0.001 
   Arginine 3.68a 23.2b 22.0b 2.06 <0.001  
   Aspartic Acid 2.20a 77.3b 85.1b 5.31 <0.001 
   Glutamic Acid  9.43a 114b 115b 6.07 <0.001 
   Glutamine  2.29a 36.9b 32.0b 3.71 <0.001 
   Glycine 3.40a 26.5c 23.2b 1.55 <0.001 
   Proline 3.66a 13.2b 15.5b 2.12 <0.001 
   Serine 3.94a 12.9b 12.2b 1.24 <0.001 
   Tyrosine 0.785a 12.2b 11.3b 1.55 <0.001 
Other 
        α-amino-adipic acid 0.036a 1.45b 1.37b 0.13 <0.001 
   α-amino-n-butyric acid3 0.361 0.204 0.295 0.081 0.40 
   Asparagine2  0.538a 10.7b 13.7c 1.22 <0.001 
   β-alanine  0.146a 2.63b 2.55b 0.20 <0.001 
   Carnosine 4.14c 1.23a 2.69b 0.255 <0.001 
   Citrulline 0.909a 3.73b 4.13b 0.531 <0.001 
   Cystathionine-Allocystathionine2  7.73a 22.0b 4.81a 1.30 <0.001 
   Cystine  1.95a 3.41b 4.06c 0.214 <0.001 
   Ethanolamine  9.38b 3.04a 3.08a 1.66 <0.001 
   γ-amino butyric acid 0.317a 0.887a 3.26b 0.444 <0.001 
   Homocystine  1.18 1.46 0.031 0.450 0.06 
   Hydroxylsine 0.182a 5.49b 5.76b 0.345 <0.001 
   Hydroxyproline 0.556a 5.51b 5.44b 0.729 <0.001 
   Ornithine  1.03a 2.54c 1.86b 0.329 <0.001 
   Phosphoethanolamine2,3 121b 99.5a 97.2a 2.92 <0.001 
   Phosphoserine 11.3b 10.1b 8.00a 0.642 <0.001 
   Taurine 121a 211b 212b 9.85 <0.001 
   Urea 140a 306b 412c 22.6 <0.001 
abcMeans without a common letter differ, P < 0.05. 
1Values are means with pooled SEM denoted, N = 14. Means are presented as an average across treatment groups for 
each lactation time-point (i.e., main effect of lactation day). Amino acids not presented due to undetectable 
concentrations at one or more time-points include: sarcosine and 3-methyl histidine. 
2Interactive effect (i.e., choline intake x lactation day) (P < 0.05). Main effect means for d of lactation are presented 
herein, while interactive effects are presented in Figure 4. 





Supplemental Table 4.5 Porcine milk hydrolyzed amino acid concentrations from 
day 0 to day 18 of lactation1  
 
Day of lactation 
 
Day 
Amino Acid, mg/mL 0 7 18 SEM P-Value 
Indispensable  
        Histidine 3.53b 1.38a 1.27a 0.088 <0.001 
   Isoleucine 4.93b 2.10a 1.98a 0.123 <0.001 
   Leucine 12.5b 4.39a 4.04a 0.311 <0.001 
   Lysine 9.59b 3.90a 3.62a 0.220 <0.001 
   Methionine 2.08b 0.985a 0.937a 0.046 <0.001 
   Phenylalanine 6.25b 2.17a 1.98a 0.160 <0.001 
   Threonine 8.11b 2.17a 1.96a 0.228 <0.001 
   Tryptophan 2.97b 0.708a 0.627a 0.197 <0.001 
   Valine 9.18b 2.67a 2.47a 0.263 <0.001 
Dispensable 
        Alanine 5.82b 1.88a 1.72a 0.150 <0.001 
   Arginine 6.93b 2.42a 2.25a 0.171 <0.001 
   Aspartic Acid 11.3b 4.22a 3.86a 0.260 <0.001 
   Cysteine 2.42b 0.627a 0.566a 0.076 <0.001 
   Glutamic Acid 21.1b 9.47a 8.96a 0.410 <0.001 
   Glycine 5.02b 1.73a 1.61a 0.126 <0.001 
   Proline 12.0b 5.34a 5.02a 0.251 <0.001 
   Serine 8.24b 2.52a 2.34a 0.235 <0.001 
   Tyrosine 6.55b 2.12a 1.96a 0.194 <0.001 
Other 
        Hydroxylysine 0.113 0.094 0.094 0.009 0.06 
   Taurine 0.086a 0.236b 0.236b 0.016 <0.001 
Total Protein 139b 51.1a 47.5a 3.26 <0.001 
abMeans without a common letter differ, P < 0.05. 
1Values are means with pooled SEM denoted, N = 14. Means are presented as an 
average across treatment groups for each lactation time-point (i.e., main effect of 
lactation day). Amino acids not presented due to undetectable concentrations at one or 






Supplemental Table 4.6 Porcine milk macronutrient, energy, and mineral composition form day 0 to 
day 18 of lactation1 
 
Day of lactation  
 
Day 
Item 0 7 18 SEM P-value2 
Dry Matter, % 22.3b 17.6a 16.7a 0.82 <0.001 
Gross Energy, kcal/100 mL 152b 133a 125a 4.33 <0.001 
 -----g/100 mL of sow's milk-----   
Organic Matter 23.3b 17.8a 16.9a 0.84 <0.001 
Crude Protein 15.9b 5.93a 5.37a 0.400 <0.001 
Acid Hydrolyzed Fat 5.69a 8.42b 8.27b 0.585 <0.001 
Lactose 1.20a 2.04b 1.90b 0.456 0.001 
Ash 0.699a 0.844b 0.79b 0.018 <0.001 
Phosphorus 0.095a 0.121b 0.113b 0.004 <0.001 
Calcium  0.074a 0.17c 0.161b 0.009 <0.001 
abcMeans without a common letter differ, P < 0.05. 
1Values are means with pooled SEM denoted, N = 14. Means are presented as an average across treatment 
groups for each lactation time-point (i.e., main effect of lactation day). 
2No interactive effect (i.e., dietary choline intake x lactation day) or main effect of dietary choline status 







Figure 4.1 Relative proportion of choline metabolites in porcine plasma in sows fed CS or 
CD diet from gestation day 50 (day -65) through day 19 of lactation.  
 
Figure 4.1 All choline metabolites were added together to generate a measure of total plasma 
choline. Metabolites are expressed as a proportion of total choline and averaged within dietary 








Figure 4.2 Relative proportion of choline metabolites in porcine milk in sows fed CS or CD 
diet from gestation day 50 (day -65) through day 19 of lactation.  
 
Figure 4.2 All choline metabolites were added together to generate a measure of total milk 
choline. Metabolites are expressed as a proportion of total choline and averaged within dietary 






Figure 4.3 Milk fatty acids concentrations in sows fed CS or CD diet from gestation day 50 (day -65) through day 19 of lactation.  
 
Figure 4.3 Analysis of fatty acid profile of porcine milk revealed interactive effects (i.e., maternal dietary choline intake x lactation d) for A) 14:0, B) 
16:0, C) 16:1n-7, D) 18:0, E) 18:1n-9, and F) total identified fatty acids. Values are means ± pooled SEM, n = 7. abc Means without a common letter 





Figure 4.4 Milk non-protein bound compound concentrations in sows fed CS or CD diet from gestation 
day 50 (day -65) through day 19 of lactation.  
 
Figure 4.4 Analysis of free amino acids and related compounds of porcine milk revealed interactive effects (i.e., 
maternal dietary choline intake x lactation d) for A) asparagine, B) phosphoethanolamine, C) cystathionine-
allocystathionine, and D) threonine. Values are means ± pooled SEM, n = 7. abcMeans without a common letter 






Supplemental Figure 4.1 Pig growth performance from sows fed CS or CS diets from 
gestation day 50 (day -65) through day 19 of lactation. 
 
Supplemental Figure 4.1 A main effect of lactation day (P < 0.001) was observed for pig body 
weight throughout the study. No interactive (i.e., maternal dietary choline intake x pig day of 
age) or main effect of dietary choline intake were observed for pig body weight throughout 
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CHAPTER 5: DIETARY IRON REPLETION FOLLOWING EARLY-LIFE DIETARY 
IRON DEFICIENCY DOES NOT CORRECT REGIONAL VOLUMETRIC OR 
DIFFUSION TENSOR CHANGES IN THE DEVELOPING PIG BRAIN5 
ABSTRACT 
Background: Iron deficiency is the most common micronutrient deficiency worldwide and 
children are at an increased risk due to the rapid growth occurring during early life. The 
developing brain is highly dynamic, requires iron for proper function, and is thus vulnerable to 
inadequate iron supplies. Iron deficiency early in life results in altered myelination, 
neurotransmitter synthesis, neuron morphology, and later-life cognitive function. However, it 
remains unclear if dietary iron repletion after a period of iron deficiency can recover structural 
deficits in the brain.  
 
Methods: Twenty-eight male pigs were provided either a control diet (CONT; n = 14; 23.5 mg 
Fe/L milk replacer) or an iron-deficient diet (ID; n = 14; 1.56 mg Fe/L milk replacer) for phase 1 
of the study, from postnatal day (PND) 2 until 32. Twenty pigs (n = 10/diet from phase 1) were 
used in phase 2 of the study from PND 33 to 61, all pigs were provided a common iron-sufficient 
diet, regardless of their early-life dietary iron status. All pigs remaining on study were subjected 
to magnetic resonance imaging at PND 32 and again at PND 61 using structural imaging 
sequences and diffusion tensor imaging to assess volumetric and microstructural brain 
                                               
5This is a pre-copyedited, author-produced version of an article accepted for publication in 
Frontiers in Neurology following peer review. The version of record, “Mudd, AT, JE Fil, LC 
Knight, and RN Dilger. 2018. Dietary iron repletion following early-life iron deficiency does not 
correct regional volumetric or diffusion tensor changes in the developing pig brain. Front Neurol. 






development, respectively. Data were analyzed using a 2-way ANOVA to assess the main and 
interactive effects of early-life iron status and time.  
 
Results: An interactive effect was observed for absolute whole brain volumes, in which whole 
brain volumes of ID pigs were smaller at PND 32 but were not different than CONT pigs at PND 
61. Analysis of brain region volumes relative to total brain volume indicated interactive effects 
(i.e., diet × day) in the cerebellum, olfactory bulb, and putamen-globus pallidus. Main effects of 
early-life iron status, regardless of imaging time point, were noted for decreased relative volumes 
of the left hippocampus, right hippocampus, thalamus, and increased relative white matter 
volume in ID pigs compared with CONT pigs. Diffusion tensor imaging indicated interactive 
effects for fractional anisotropy (FA) in the whole brain, left cortex, and right cortex. Main 
effects of early-life iron status, regardless of imaging time-point, were observed for decreased 
FA values in the caudate, cerebellum, and internal capsule in ID pigs compared with CONT pigs. 
All comparisons described above were significant at P < 0.05.  
 
Conclusions: Results from this study indicate that dietary iron repletion is able to compensate for 
reduced absolute brain volumes early in life, however microstructural changes and altered 
relative brain volumes persist despite iron repletion.  
5.1 INTRODUCTION 
Iron is an essential micronutrient that is important for many physiological processes. 
Despite its importance in the body, iron deficiency remains the most pervasive micronutrient 
deficiency worldwide (World Health Organization 2001, 2017). Moreover, iron deficiency 





years of age (McLean et al. 2009). Iron deficiency in early life is of great concern as this is a 
period during which brain development is highly dynamic and thus susceptible to alterations due 
to nutrition. Iron is specifically needed throughout neurodevelopment for neurotransmitter 
synthesis (Lozoff et al. 2011), myelination (Todorich et al. 2009), and vascular development 
(Bastian et al. 2015). Accordingly, reductions in dietary iron during the postnatal period greatly 
influence developmental trajectories. Research suggests that children who were iron deficient 
(ID) as infants exhibit delayed cognitive development later in life (Congdon et al. 2012; 
Lukowski et al. 2010), presumably due to structural alterations that developed in infancy and 
persisted despite iron repletion. These findings are supported by research in ID pigs, which 
suggests decreased spatial learning at four weeks of age (Rytych et al. 2012) and 12 weeks of age 
(Antonides et al. 2015). As such, there is a need to identify the structural changes that occur 
during periods of early-life iron deficiency and understand if any of these structural anomalies 
can be corrected by dietary iron repletion.  
Iron is known to be important for neuronal growth and development. Research in four-
week-old pigs suggests that postnatal iron deficiency results in altered hippocampal gene 
expression for axon growth and guidance, as well as genes responsible for blood brain barrier 
integrity, angiogenesis, and hypoxia (Schachtschneider et al. 2016). Moreover, reductions in 
hippocampal iron content (Rytych et al. 2012), alterations in hippocampal gray and white matter 
(Leyshon et al. 2016), and changes in hippocampal neurometabolites (Leyshon et al. 2016), have 
all been previously reported in four-week-old ID pigs. In 12-week-old pigs that were provided 
ID diets from birth until four weeks of age followed by iron-replete diets until 12 weeks of age, 
altered hippocampal brain-derived neurotrophic factor (BDNF) profiles were observed, which 





perinatally ID rodents, reduced hippocampal volumes and hippocampal subfield volumes have 
been reported (Ranade et al. 2008). Analysis of rodent hippocampal cell cultures indicated 
decreased dendritic arborization and expansion as a result of induced iron deficiency (Bastian et 
al. 2016). Moreover, this alteration in hippocampal dendritic morphology does not appear to be 
corrected in ID rats after receiving an iron-replete diet (Jorgenson, Wobken, and Georgieff 
2003). Iron deficiency is also known to influence monoamine metabolism in subcortical brain 
regions, which may result in cognitive deficits later in life (Lozoff et al. 2012). While cellular 
and molecular mechanisms underlying the effects of iron deficiency on brain development have 
been extensively characterized in animal models, most of these approaches require invasive 
techniques.   
The presence of iron in the brain is also required for proper myelination (Todorich et al. 
2009). Oligodendrocytes are rich in iron and are responsible for production of myelin in the brain 
(Connor and Menzies 1996). Iron is specifically needed for myelination because it serves as a 
cofactor for fatty acid synthesis (Lozoff and Georgieff 2006), cholesterol utilization, and 
metabolic processes (Connor and Menzies 1996). Immunohistochemical analysis in rats that 
were exposed to perinatal iron deficiency indicated decreased myelin concentrations in the 
cerebellum and spinal cord (Yu et al. 1986) and a separate study reported reduced markers of 
oligodendrocyte activity (Wu et al. 2008). Additionally, postnatal iron deficiency in rats resulted 
in decreased concentrations of myelin basic protein and 2’3’-cyclic nucleotide 3’-
phosphohydrolase (CNPase), both of which increase as myelination occurs (Beard, Wiesinger, 
and Connor 2003). The mechanisms that underlie changes in myelination due to iron deficiency 





for characterization. Moreover, most studies do not delineate which brain regions might be more 
susceptible to alterations in myelination due to iron deficiency.  
To date, most studies focus on the influence of iron deficiency on hippocampal 
development, however high concentrations of iron are found throughout the brain. Therefore, our 
study sought to characterize the global influence of iron deficiency on brain development and to 
assess if particular regions are more vulnerable at specific time-points. Additionally, this study 
aimed to non-invasively characterize changes in brain development that occurred as a result of 
dietary iron deficiency up to 32 days of age, and if these changes could be corrected by 61 days 
of age, after a period of dietary iron repletion. In doing so, we used the pig because it is a 
superior model for assessing the influence of nutrition on neurodevelopment (Mudd and Dilger 
2017) and is a well-established model for early-life iron deficiency (Antonides et al. 2015; 
Leyshon et al. 2016; Nelissen et al. 2017; Rytych et al. 2012; Schachtschneider et al. 2016). This 
study is novel in that we employed a longitudinal design and non-invasive neuroimaging 
techniques to characterize the effects of iron deficiency at postnatal day (PND) 32 and PND 61. 
Findings from this study are poised to be clinically relevant as characterizations of 
neuroanatomical changes were assessed using non-invasive techniques, which are immediately 
translatable to infants in the first year of life. In this study we hypothesized that dietary iron 
deficiency would alter brain development and a period of iron repletion may be able to recover 
particular aspects of brain development that were previously altered.  
5.2 MATERIALS & METHODS 
Animal Care and Use. All animal and experimental procedures were in accordance with the 
National Research Council Guide for the Care and Use of Laboratory Animals and approved by 





Twenty-eight, naturally-farrowed, intact male pigs were obtained from Carthage Veterinary 
Services and transferred to the University of Illinois Piglet Nutrition and Cognition Laboratory 
(PNCL) at PND 2. Per standard agricultural protocol, pigs were provided an intramuscular 
injection of a prophylactic antibiotic (0.1 mL of ceftiofur crystalline free acid as Excede, Zoetis, 
Parsippany, NJ) within 24 h of birth. Contrary to typical agricultural procedures, pigs on this 
study were not provided an iron dextran shot, as iron is the nutrient of interest in the 
experimental diet. Recent pig studies observed hippocampal transcriptome changes (Gan, Yang, 
and Mei 2017) and possible effects of iron overload (Antonides et al. 2015) after iron dextran 
shot in the first few days of life, which further justify our decision to not provide iron dextran to 
any pigs. Upon arrival to PNCL on PND 2, pigs were stratified into one of two experimental 
diets, described below. Pigs were provided experimental milk replacer diets from PND 2 until 
PND 32 or 33 (phase 1), at which point both treatment groups were weaned onto the same series 
of weanling pig diet from PND 32 or 33 until PND 61 or 62 (phase 2).  
For phase 1 of this study, 28 pigs were housed individually in custom pig rearing units 
(87.6 cm x 88.9 cm x 50.8 cm; L x W x H), which were composed of three acrylic walls, one 
stainless steel wall, and vinyl-coated metal flooring. Each caging unit was designed for pigs to 
see, hear, and smell, but not touch neighboring pigs. Pigs were allowed to physically interact 
with one another for approximately 15 minutes each day, and each pig was provided a toy for 
enrichment in their home-cage. Pig rearing environment was maintained on a 12 h light and dark 
cycle from 0800 to 2000 hours, with ambient temperature set at 26.6°C for the first 21 days of 
the study and gradually lowered to 22°C during the last seven days of phase 1.  
For phase 2 of this study, 20 pigs from phase 1 were transferred to the University of 





imaging (MRI) at PND 32 or 33 and housed there until the end of the study. At VMRF, pigs 
were housed in floor pens (1.5 sq meters) and the rearing environment was maintained on a 12 h 
light and dark cycle from 0800 to 2000, with ambient temperature set at approximately 22°C.  
 
Dietary Treatments. For phase 1 of this study, pigs (N = 28, n = 14/phase 1 diet) were provided 
one of two dietary treatments with varying iron content. The control diet (CONT) was 
formulated to meet all of the nutrient requirements of the growing pig and was formulated to 
contain 117.5 mg Fe/kg milk replacer powder. The iron deficient (ID) diet was based off of the 
CONT diet, however iron was only formulated to be supplemented at 7.8 mg Fe/kg milk replacer 
powder. Additionally, both diets were formulated to contain arachidonic acid (ARA) (2.08 g 
ARA/kg milk replacer powder) and docosahexaenoic acid (DHA) (1.04 g DHA/kg milk replacer 
powder). Milk replacer was reconstituted fresh daily with 200 g of milk replacer powder per 800 
g water. Thus, formulated iron concentrations in reconstituted pig milk replacers were: CONT 
(23.5 mg Fe/L milk replacer) and ID (1.56 mg Fe/L milk replacer). All pigs were provided ad 
libitum access to liquid diets from PND 2 until PND 32 or 33.  
For phase 2 of this study, all pigs (N = 20, n = 10/phase 1 diet) were weaned onto the 
same series of iron-adequate diets, regardless of their phase 1 dietary iron status. Pigs were 
provided ad libitum access to standard complex diets (major ingredients including corn, whey, 
and soybean meal) and standard agricultural feeding practices were followed by sequentially 
switching from stage 1 diets, to stage 2 diets, to stage 3 diets, on PND 32, 41, and 50 
respectively. During this phase of the study, all diets were formulated to meet all nutrient 
requirements of growing pigs (National Research Council (US) 2012), including iron. No zinc 






Magnetic Resonance Imaging. All pigs remaining in each phase underwent MRI procedures on 
PND 32 or 33 for phase 1 and again at PND 61 or 62 for phase 2, at the Beckman Institute 
Biomedical Imaging Center. For phase 1, 28 pigs (n = 14 per diet) were subjected to 
neuroimaging procedures and for phase 2, 20 pigs (n = 10 per phase 1 diet) were subjected to 
neuroimaging procedures. Imaging procedures were performed using a Siemens MAGNETOM 
Trio 3T MRI, with a custom pig-specific 8-channel head coil at PND 32 and a human 8-channel 
head coil at PND 61. The pig neuroimaging protocol included three magnetization prepared rapid 
gradient-echo (MPRAGE) sequences and diffusion tensor imaging (DTI) to assess brain 
macrostructure and microstructure. Upon arrival to the imaging facility, anesthesia was induced 
using an intramuscular injection of telazol (50.0 mg of tiletamine plus 50.0 mg of zolazepam 
reconstituted with 5.0 mL deionized water; Zoetis, Florham Park, NJ) administered at 0.07 
mL/kg BW, and maintained with inhalation of isoflurane (98% O2, 2% isoflurane). Pigs were 
immobilized during all MRI procedures. Visual observation of each pig’s well-being, as well as 
observations of heart rate, PO2 and percent of isoflurane were recorded every 5 minutes during 
the procedure. Total scan time for each pig was approximately 60 minutes. Upon completion of 
the scan, pig respiration and heart rate were monitored every 15 minutes until complete recovery 
from anesthesia. Imaging techniques are briefly described below.  
 
Structural MRI Acquisition and Analysis. A T1-weighted magnetization-prepared rapid gradient 
echo (MPRAGE) sequence was used to obtain anatomic images of the pig brain, with a 0.7 mm 
isotropic voxel size. The following sequence specific parameters were used to acquire T1-





time (TI) = 900 ms; 224 slices; field of view (FOV) = 180 mm; flip angle = 9º. Pig brains were 
manually extracted as previously described (Mudd et al. 2016). All toolboxes described herein 
were available in SPM12 and Matlab R2015a was used for data processing. Once extracted, the 
‘Coregister:Estimate & Reslice’ toolbox was used to coregister individual brains to the Pig MRI 
Atlas (Conrad et al. 2014). Next, the ‘Old Normalize: Estimate & Reslice’ toolbox was used to 
transform individual pig brains into atlas space. The following parameters in Old Normalize 
were used for pig specific data processing: template image (Pig MRI Atlas), bounding box (-30.1 
-35 -28 / 30.1 44.8 31.5), voxel size (0.7). Lastly, the ‘Deformations’ toolbox was used to 
generate region of interest masks for volumetric assessment of individual brain regions in the pig 
MPRAGE space. In the deformation step, the estimated deformation from the Normalize step 
was used with a pushforward function which was applied to all 19 regions of interest (defined by 
the Pig MRI Atlas), and the field of view image was defined as the individual pig’s skull-
stripped coregistered brain image. A 7th degree interpolation was used and a binary mask of each 
region was generated. The fslstats -V function (FSL 5.0) was then used to estimate the volume of 
each individual brain region. In order to account for differences in absolute whole brain volume, 
all regions of interest were also expressed as a percent of total brain volume (%TBV), using the 
following equation: (region of interest absolute volume) / (total brain absolute volume) × (100), 
within subject.  
 
Diffusion Tensor Imaging. Diffusion tensor imaging was used to assess white matter maturation 
and axonal tract integrity using a b-value = 1000 s/mm2 across 30 directions and a 2 mm 
isotropic voxel. Diffusion-weighted echo-planar imaging (EPI) images were assessed in FSL for 





(RD) using methods previously described (Mudd et al. 2016).  Assessment was performed over 
the following regions of interest: caudate, corpus callosum, cerebellum, both hippocampi, 
internal capsule, left and right cortex, thalamus, DTI-generated white matter, and atlas-generated 
white matter was performed using a customized pig analysis pipeline and the FSL software 
package. For the purposes of this analysis this study used the Pig Brain atlas, generated from the 
same species, and previously reported by Conrad and colleagues (Conrad et al. 2014). The 
diffusion toolbox in FSL was used to generate values of AD, RD, MD, and FA.  
Masks for each ROI from the atlas were non-linearly transformed into the MPRAGE 
space of each individual pig and a linear transform was then applied to transfer each ROI into 
DTI space. A threshold of 0.5 was applied to each ROI, and the data were dilated twice. For each 
individual ROI, an FA threshold of 0.15 was applied to ensure inclusion of only white matter in 
the region of interest despite the mask expansion. 
 
Statistical Analysis. All researchers involved in this study (i.e., those performing daily 
procedures, data collection, and data analysis steps) remained blinded to dietary treatment 
identity until final data analyses had been completed. Data were analyzed by using the MIXED 
procedure of SAS 9.4 (SAS Institute, Cary, NC). All longitudinal measures reported herein were 
obtained from pigs on both PND 32 and 61, thus all data were analyzed using a 2-way repeated 
measures ANOVA (i.e., dietary iron status with postnatal day at time of neuroimaging 
acquisition as the repeated measure). Interactive effects were defined as an interaction between 
diet (CONT vs. ID) and MRI day (PND 32 vs 61). Number of animals per treatment group was 
based on a power analysis using variability estimates from previous studies to detect differences 





as having a studentized residual with an absolute value greater than 3) and outliers were removed 
prior to statistical analysis. Significance was accepted at P ≤ 0.05. Data are presented as least-
squares means with pooled standard errors of the mean (SEM). 
5.3 RESULTS 
Pig Health Measures. Pig health measures were assessed at the end of each phase, and all 
outcomes are presented as means ± SD. At the end of phase 1, body weights of ID and CONT 
pigs were 6.24 ± 1.26 kg and 10.78 ± 1.45 kg, respectively, and at the end of phase 2 body 
weights of ID and CONT pigs were 17.05 ± 2.62 kg and 24.95 ± 2.40 kg, respectively. Average 
daily liquid milk intake for ID and CONT pigs during phase 1 was 0.93 ± 0.18 L and 1.74 ± 0.24 
L, respectively, and for phase 2, the average daily feed intake (as-is basis) for ID and CONT pigs 
was 0.73 ± 0.10 kg and 0.92 ± 0.13 kg, respectively. Hematocrit concentrations for ID and 
CONT pigs at the end of phase 1 were 14 ± 3% and 32 ± 3% packed cell volume (PCV), 
respectively, while at the end of phase 2, hematocrit concentrations in ID and CONT pigs were 
35 ± 3% and 36 ± 2%, respectively. Hemoglobin concentrations for ID and CONT pigs at the 
end of phase 1 were 4.8 ± 0.9 g/dL and 10.86 ± 1.1 g/dL, respectively, while at the end of phase 
2, hemoglobin concentrations for ID and CONT pigs were 11.85 ± 1.15 g/dL and 12.13 g/dL, 
respectively.  
 
Absolute Brain Volumes. An interactive effect of diet and MRI day was observed for whole-brain 
volumes (P = 0.02), Figure 5.1. On PND 32, ID pigs exhibited smaller (P < 0.01) brain volumes 
compared with CONT pigs, and by PND 61 brain volumes were larger (P < 0.001) than volumes 
observed at PND 32, but were not different (P = 0.12) between ID and CONT pigs. Interactive 





0.01), hypothalamus (P = 0.01), internal capsule (P = 0.03), lateral ventricle (P = 0.05), olfactory 
bulb (P = 0.01), putamen-globus pallidus (P < 0.01), and right cortex (P = 0.02), Supplemental 
Table 5.1. Notably, these interactions are likely confounded by the difference in pig whole-brain 
volumes, thus relative brain volumes are analyzed below. Also of note, a main effect of MRI day 
(P < 0.001) was observed for absolute volume of every brain region, indicating all brain regions 
increased in size from PND 32 to 61, regardless of dietary treatment.  
 
Relative Brain Volumes. Due to observed differences in absolute whole-brain volumes, all 
regions of interest were assessed relative to whole-brain volume. Relative brain volume 
measures were generated by dividing the absolute volume for an individual region by the whole-
brain volume within subject and multiplying by 100, resulting in a percent of total brain volume 
measure. Interactive effects of diet and MRI day were observed for relative brain volumes in the 
cerebellum (P < 0.001), olfactory bulb (P = 0.03), and putamen-globus pallidus (P = 0.01), 
Figure 5.2. Relative brain volumes of the cerebellum indicated an increase (P < 0.01) in size 
from 32 to 61 d of age in the CONT pigs and a decrease (P = 0.01) in relative size from 32 to 61 
d of age in the ID pigs. Analysis of the olfactory bulb indicated no change (P = 0.28) in relative 
size from 32 to 61 d of age in the CONT pigs, whereas ID pigs exhibited an increase (P < 0.001) 
in relative size of the olfactory bulb from PND 32 to 61. The putamen-globus pallidus relative 
size decreased (P < 0.01) from 32 to 61 d of age in the CONT pigs, but did not change (P = 0.60) 
during the same timeframe in ID pigs. Main effects of diet were also observed for relative 
volumes in the left hippocampus (P < 0.01), right hippocampus (P < 0.01), thalamus (P = 0.04), 
and white matter (P = 0.03), Figure 5.3. Notably, ID pigs exhibited decreased relative volumes in 





pigs exhibited increased white matter compared with CONT pigs. Main effects of MRI day were 
only observed for relative volumes of the caudate (P = 0.05), gray matter (P < 0.001), olfactory 
bulb (P < 0.001), and right cortex (P = 0.01), Supplemental Table 5.2.  
 
Diffusion Tensor Measures. Diffusion measures of fractional anisotropy (FA) indicated 
interactive effects of diet and MRI day in the left cortex (P = 0.03), right cortex (P = 0.05), and 
DTI-generated whole brain (P < 0.001), Figure 5.4. In the left cortex, ID pigs exhibited 
decreased (P = 0.03) FA values compared with CONT pigs at PND 32. By PND 61, left cortex 
FA values in both dietary treatments were increased (P < 0.001) compared with FA values at 
PND 32, but FA values for ID pigs remained lower (P < 0.001) than CONT pigs at PND 61. FA 
values in the right cortex and whole brain indicated no difference (P = 0.36) between ID and 
CONT pigs at PND 32, but by PND 61 ID pigs exhibited decreased (P < 0.01) FA values 
compared with CONT pigs. Main effects of diet were observed for FA values in the caudate (P = 
0.04), cerebellum (P < 0.01), and internal capsule (P = 0.04), in all instances ID pigs exhibited 
decreased FA values compared with CONT pigs, Figure 5.5. Main effects for MRI day were 
observed for cerebellum (P < 0.001), corpus callosum (P < 0.001), and internal capsule (P < 
0.001), Table 5.1. To verify our whole-brain FA findings, we applied a white matter mask, 
generated from the pig brain atlas, to the FA data for each pig. Our findings were consistent with 
the DTI-generated whole brain measures indicating an interactive effect (P <0.001), 
Supplemental Figure 5.1.  
No interactive effects of diet and MRI day were observed for measures of RD. Main 
effects of diet were observed for RD in the left cortex (P = 0.03, Supplemental Table 5.3), right 





increased RD values compared with CONT pigs. Main effects of MRI day were observed for RD 
measures in all analyzed regions (P < 0.05), except for the left hippocampus (P = 0.23), 
Supplemental Table 5.3. No interactive effects of diet and MRI day were observed for measures 
of MD. Main effects of diet were observed for MD in the right cortex (P < 0.01) and whole brain 
(P < 0.01), Figure 5.6. In both instances ID pigs exhibited increased MD values compared with 
CONT pigs. Main effects of MRI day were observed for MD measures in all analyzed regions (P 
< 0.05), except for the cerebellum (P = 0.11) and left hippocampus (P = 0.11), Supplemental 
Table 5.4. No interactive effects of diet and MRI day were observed for measures of AD. Main 
effects of diet were observed for AD in the right cortex (P = 0.01) and whole brain (P < 0.01), 
Figure 5.6. In both instances ID pigs exhibited increased AD values compared with CONT pigs. 
Main effects of MRI day were observed for all analyzed regions (P < 0.05), except for the 
cerebellum (P = 0.66), corpus callosum (P = 0.25) and left hippocampus (P = 0.05), 
Supplemental Table 5.5.  
5.4 DISCUSSION 
Iron deficiency influences structural brain development, which results in lasting 
functional deficits in animals and humans alike (Georgieff 2011; Lozoff and Georgieff 2006; 
Radlowski and Johnson 2013). However, it remains unclear which, if any, structural changes that 
result from early-life iron deficiency can be recovered by dietary iron repletion later in life. We 
used the pig as a biomedical model to non-invasively assess the effects of early-life iron 
deficiency followed by dietary iron repletion on structural brain development. This study is novel 
because it utilizes non-invasive neuroimaging techniques to longitudinally characterize the 
effects of dietary iron status in the pig model, which provides clinically-relevant information to 





longitudinal diffusion tensor imaging measures, thereby providing insight into the timing of 
maturational events in the pig brain. Comparison of neuroimaging in human infant brains and pig 
brains suggests that one week of pig brain growth is roughly equal to one month of human brain 
growth (Mudd and Dilger 2017). Thus, pigs that were imaged at PND 32 were approximately 
equal to a four-month-old infant and pigs that were imaged at PND 61 were equivalent to a six-
to-twelve-month-old infant. Results from this study indicate that pig whole-brain volumes are 
influenced by dietary iron status at PND 32, but are able to recover with dietary iron repletion by 
PND 61. Despite this apparent compensatory volumetric growth, however, analysis of relative 
brain region volumes and diffusion tensor imaging measures indicate lasting microstructural 
changes, which may underlie known functional deficits later in life.  
 
Brain Volumes. Analysis of whole-brain volumes revealed smaller brains in dietary ID pigs at 
PND 32 when compared with CONT pigs. Interestingly, after a 30-day period of dietary iron 
repletion, ID and CONT pig brain volumes were not different, thus suggesting compensatory 
brain volume growth in the ID pig brain. It has previously been reported that iron deficiency 
influences expression of genes related to axon guidance and expansion in the four-week-old pig 
hippocampus (Schachtschneider et al. 2016). Thus, it is possible that neuron growth and 
expansion were inhibited during the period of dietary iron deficiency, but were no longer 
inhibited in ID pigs once they were provided an iron-replete diet. In pigs, volumetric whole-brain 
growth reaches the peak rate of development at four weeks of age (Conrad, Dilger, and Johnson 
2012), and it is possible that iron repletion during this dynamic period aided in compensatory 
volumetric expansion. These findings are in contrast to two ID pig studies in which whole-brain 





Rytych et al. 2012). Notably, both of the previous pig studies provided an iron dextran shot to 
CONT pigs, whereas no pig in our study received an iron dextran shot. It is common agricultural 
practice to provide a newborn pig with 250 mg of iron dextran to prevent overt signs of iron 
deficiency prior to weaning because the sow’s milk is largely deficient in iron. It is possible that 
providing a surfeit amount of supplemental iron via an iron dextran shot may have influenced 
aspects of brain growth in the previous pig studies, as this has been shown to influence the 
hippocampal transcriptome (Gan, Yang, and Mei 2017) and possibly induce an iron overload in 
young pigs (Antonides et al. 2015). Discrepancies between the studies may also be a result of 
improved neuroimaging hardware and techniques that provided a more sensitive assessment of 
structural changes reported in the current study.   
Due to the differences in absolute brain volumes between dietary treatment groups, 
individual brain regions were assessed as a percent of total brain volume. Our analyses indicated 
volumes of the cerebellum, olfactory bulb, and putamen-globus pallidus were influenced by 
dietary iron status over time. Interestingly, cerebellar volumes were not different at PND 32, but 
by PND 61 dietary ID pigs exhibited smaller relative cerebellar volumes. Iron deficiency has 
been shown to delay cerebellar myelination in rodents (Yu et al. 1986), which may be the result 
of our observed volumetric differences in the current study. The putamen-globus pallidus region 
did not change over time in the ID pigs but decreased in relative size in CONT pigs from PND 
32 to PND 61. It is unclear why there was no change in relative size in the ID pigs, however this 
brain region is known to contain relatively high iron concentrations (Li et al. 2014) and thus may 
be susceptible to changes in dietary iron during development.  
Interestingly, relative volumes of the olfactory bulb were increased, relative to CONT, in 





gray matter in the olfactory bulb of ID pigs at four weeks of age (Leyshon et al. 2016). It remains 
unclear why the olfactory bulb is influenced by dietary iron deficiency, but it may be possible 
that this is a form of compensatory growth to aid the pig in acquiring iron through other dietary 
means. Iron deficiency was first observed in pigs in the 1920’s when gestating sows were 
allowed to forage in fields up until a few days before farrowing (McGowan and Crichton 1923). 
Once sows were moved inside and raised on concrete flooring for farrowing, foraging in the 
ground was no longer possible and their vegetable-based diets were largely deficient in available 
iron. Researchers noticed that pigs from these sows started to exhibit signs of iron deficiency by 
three weeks of age, and were able to correct these symptoms by supplementing iron in the diets 
of sows and pigs. Although not explicitly stated by McGowan and Crichton, this study highlights 
the foraging behaviors of pigs, which allow them to maintain adequate iron stores through 
ingestion of exogenous sources, presumably dirt. Thus, in a case of iron deficiency, we speculate 
that the olfactory bulb may be preferentially developed to aid in seeking sources of iron in the 
environment. However, this hypothesis is purely speculative and future work should seek to 
elucidate the physiological relevance of this observed phenomenon. Additionally, it would be 
interesting to understand if this is a species-specific observation, or one that is relevant to all 
animals experiencing iron deficiency.  
Regardless of age, pigs on the ID diet exhibited decreased relative volumes of the left and 
right hippocampi, as well as the thalamus. The observed effects in the hippocampi support 
previous work, which indicated prenatal, postnatal, and perinatal iron deficiency in rodents 
resulted in reduced hippocampal subfield volumes (Ranade et al. 2013). In a separate study, 
Ranade and colleagues observed reductions in hippocampal volume in rodents whose dams were 





proliferation (Ranade et al. 2008). Rodent hippocampal cell cultures have shown reductions in 
dendritic arborization and growth due to iron deficiency further suggesting that iron deficiency 
can influence morphology of the developing hippocampus (Bastian et al. 2016). Additionally, a 
recent pig study suggests dietary iron deficiency decreases hippocampal expression of genes 
responsible axon guidance and growth (Schachtschneider et al. 2016). Early-life iron deficiency 
followed by dietary iron repletion resulted in altered hippocampal BDNF and tyrosine receptor 
kinase B (TRKB) expression in pigs at 12 weeks of age, thus indicating lasting effects of an 
early-life ID diet on hippocampal development (Nelissen et al. 2017). Relative volumes of the 
thalamus were also decreased in pigs that were provided an ID diet early in life, and these 
findings support research that suggests the thalamus is sensitive to dietary iron status (Lozoff and 
Georgieff 2006). In a four-week-old pig model of iron deficiency, voxel-based morphometric 
analysis indicated decreased white matter and increased rates of diffusion, suggesting decreased 
myelination, in the thalamus of ID pigs (Leyshon et al. 2016), further supporting the sensitivity 
of this region to dietary iron deficiency in pigs.  
Results from our study also indicate relative volumes of white matter were increased in 
dietary ID pigs. At first pass this finding might seem opposite of what has been reported, as iron 
deficiency is known to reduce myelination, which certainly contributes to white matter volume 
and maturation. However, when focusing on the absolute volumes of white matter in the CONT 
and ID pigs, we observed no differences between the groups at PND 32 or PND 61, yet whole 
brain volumes changed over time. Moreover, the absolute volume of gray matter increased to a 
larger extent in the ID pigs from PND 32 to PND 61 than it did in CONT pigs, suggesting that 
the observed whole brain compensatory growth is likely due to disproportionate growth in gray 





smaller absolute brain volumes at PND 32. Our results are in contrast to a previous pig study, 
which indicated region-specific decreases in white matter concentrations and FA measures of ID 
pigs (Leyshon et al. 2016). However, the results in our study assess absolute volumes relative to 
whole brain volume, whereas the study by Leyshon and colleagues (Leyshon et al. 2016) used 
voxel-wise comparisons to assess regional differences in white matter, regardless of brain size. 
Together these findings of iron deficiency influencing total and relative regional brain volumes 
may be related to later life cognitive deficits observed in pigs, rodents, and humans (Georgieff 
2011; Lozoff and Georgieff 2006; Radlowski and Johnson 2013).  
 
Diffusion Tensor Imaging. Diffusion tensor measures provide non-invasive measures of 
microstructural water movement and are related to axonal growth and myelinating events (Le 
Bihan et al. 2001). Fractional anisotropy is a diffusion measure that accounts for rate of water 
diffusion and direction of diffusion in tissue, and typically increases throughout development as 
myelination occurs and fiber coherence increases (Drobyshevsky et al. 2005; Hermoye et al. 
2006). Our results indicate whole brain, left cortex, and right cortex FA values are influenced by 
dietary iron status over time. Measures of whole brain FA indicate both treatment groups 
exhibited increased measures from PND 32 to PND 61, indicating development occurred over 
time. No difference was observed between dietary treatments in whole brain FA value at PND 
32, whereas decreased FA values were observed in ID pigs by PND 61 when compared with 
CONT pigs. It is interesting that at PND 61, whole brain volumes were not statistically different, 
however, diffusion measures suggest persistent microstructural changes despite a period of 





These data support recent findings which indicate sensitivity of whole brain FA values in 
ID pigs (Leyshon et al. 2016), but it is important to point out that we did not observe differences 
until PND 61 (i.e., after providing iron-replete diets), whereas Leyshon and colleagues observed 
differences by four weeks of age. Analysis of left and right cortical FA values indicated 
increased FA values in both dietary treatments from PND 32 to PND 61, however at both PND 
32 and PND 61, ID pigs exhibited decreased measures compared with age-matched CONT pigs. 
These findings suggest that development occurred in both dietary treatment groups, however 
dietary iron deficiency delayed cortical myelinating or tissue organization processes at each of 
the neuroimaging time-points. A study of two-week-old infants suggests cortical FA values 
related to maternal dietary iron intake, suggesting sensitivity of cortical FA measures to dietary 
iron status (Monk et al. 2016). However, it should be noted that the study by Monk and 
colleagues (Monk et al., 2016) observed clusters of voxels where FA values inversely related to 
maternal reported iron intake. Our study did not assess maternal iron status nor FA values on a 
voxel-wise basis, instead our findings indicate decreased FA values averaged over left and right 
cortical regions in ID pigs. Comprehensive characterization of cortical diffusivity changes should 
be assessed in future studies to determine the normal trajectory of FA changes in pig brain 
development. Our results are novel because we comprehensively observe indications of 
decreased myelination and/or tissue organization despite observed compensatory volumetric 
growth after a period of dietary iron repletion. These data further suggest that particular aspects 
of neurodevelopment, might be more sensitive to the timing of early-life iron deficiency 
compared with other neurodevelopmental events such as brain volume growth. 
Dietary iron deficiency also appeared to decrease FA measures in the cerebellum, 





myelination in the cerebellum of our pigs support observations in rodents, which suggest 
decreased myelination due to dietary iron deficiency (Yu et al. 1986). Because the decreased 
cerebellar FA values may indicate altered myelination, these findings may support our 
observations of decreased relative cerebellar volumes in ID pigs. A recent study in children 
suggests that increased iron content in the caudate positively relates to spatial IQ in 7-to-11-year-
old children (Carpenter et al. 2016). Although our study does not report iron content of the 
caudate, decreased caudate FA values in ID pigs suggest the caudate is influenced by dietary iron 
status and these findings of early-life differences in caudate development may help to explain the 
observed differences noted in spatial IQ in children. Notably, pigs that were provided an ID diet 
for the first four weeks of life, followed by an iron–replete diet from four-to-twelve weeks, 
exhibited cognitive deficits even after iron repletion (Antonides et al. 2015). Antonides and 
colleagues observed decreased hippocampal iron content in the pigs at 12 weeks of age, which 
may have contributed to the cognitive deficits, however our study suggests differences in the 
caudate may also underlie these cognitive deficits. The internal capsule is one of the earliest 
myelinating regions in infant development (Deoni et al. 2011), and has been shown to be 
sensitive to dietary treatment in pigs (Mudd et al. 2016; Mudd et al. 2016). A recent study 
observed decreased white matter, assessed through voxel-based morphometry, in the internal 
capsule of ID pigs (Leyshon et al. 2016). Therefore, the observed decreased FA values in the 
internal capsule of ID pigs support recent findings in an ID pig model and further suggest this 
brain region is highly sensitive to early-life nutrition. Notably, infants that were ID and ID-
anemic were reported to exhibit delayed motor development (Shafir et al. 2008), and it is known 
that both the internal capsule and cerebellum are involved in motor development. Thus, our 





internal capsule and cerebellum could underlie the observed motor development delays observed 
in infants.  
Analysis of whole brain and right cortex MD, AD, and RD measures indicated increased 
rates of diffusion in the ID pigs compared with the CONT pigs, regardless of imaging time-point. 
Leyshon and colleagues previously reported increased MD, AD, and RD in four-week-old pigs, 
however their observations were located in the hippocampi and thalamus (Leyshon et al. 2016), 
rather than the whole brain and right cortex as we observed. Extensive research in rodent models 
of early-life iron deficiency suggests lifelong alterations in myelin fatty acid profiles and gene 
expression for myelin basic protein, despite iron repletion later in life (Lozoff and Georgieff 
2006). Moreover, it is speculated that iron uptake may be influenced in preoligodendrocytes and 
oligodendrocytes (Lozoff and Georgieff 2006), thereby attenuating myelination throughout 
development, which would support our findings, thus suggesting reduced myelination in 
particular brain regions. As described previously, absolute volumes of white matter were not 
different between treatment groups at PND 32 or PND 61, which might suggest that 
oligodendrocytes are present. However, as supported by our diffusion data, the mere presence of 
oligodendrocytes is not necessarily enough for myelination to proceed, as evidenced by lower 
FA values in previously-ID pigs at PND 61. Future work should seek to quantify iron content in 
the brain regions that are reported to be influenced by dietary iron deficiency and elucidate 
whether the physical presence of iron may be contributing to these observed changes in diffusion 
measures. Further characterization of brain iron content will help to illuminate the mechanisms 
though which dietary iron deficiency influences brain myelination, as well as characterization of 






Longitudinal MRI Assessment. A notable strength of this study is the implementation of a 
longitudinal dietary intervention in which brain development was measured at two time-points. 
To our knowledge, no other neuroimaging study has comprehensively assessed changes in 
volumetric and diffusion measures over time in the pig. In doing so, this study provides insight 
into the growth and development of specific brain regions, and can therefore be used as 
normative data to which other studies can be compared when using the pig as a biomedical 
model. Analysis of absolute brain volumes and regions within the brain indicated all brain 
regions increased in size from PND 32 to PND 61. When assessing regional brain growth 
relative to whole-brain volumes, the proportion of gray matter in the brain decreased and the 
olfactory bulb exhibited increases as a proportion of total brain volume. Assessment of diffusion 
tensor measures indicated region-specific FA values increased from PND 32 to PND 61, which 
supports observations in human neurodevelopment (Drobyshevsky et al. 2005; Hermoye et al. 
2006). Future studies should seek to characterize changes in diffusion tensor imaging measures 
at multiple time-points throughout pig development. In doing so, researchers will be able to 
better identify particular developmental processes occurring in the brain (i.e., myelination, 
reductions in radial glial cells, and alterations in neuron morphology) and relate these to specific 
observations in diffusivity parameters. These findings further support the use of the pig as model 
for human brain development and highlight sensitive changes in neurodevelopment across a 
short time span. By characterizing these changes over time, we are able to better identify 
clinically relevant, critical windows of neurodevelopment when early-life nutrition may have the 






Conclusions. Through the use of multiple imaging techniques we were able to non-invasively 
characterize changes in brain development related to early-life dietary iron deficiency followed 
by dietary iron repletion. Measures of total brain volume at PND 61 suggest dietary iron 
repletion is able to compensate for delayed whole-brain growth at PND 32, however diffusion 
FA measures suggest dietary iron repletion was not able to correct myelination and tissue 
organization in specific brain regions by PND 61. Many previous studies have shown structural 
changes in brain development after a period of iron deficiency, and our study expands upon this 
work by identifying aspects of brain development, which do not appear to benefit from iron 
repletion later in life. Thus, these data highlight the importance of the critical window during 
which adequate dietary iron is necessary to ensure proper brain growth trajectories are 
established. Moreover, this research suggests possible heightened sensitivity of myelination to 
dietary iron status, and future work should seek to expand upon the mechanisms through which 





5.5 TABLES & FIGURES 
Table 5.1 Fractional anisotropy (FA) measures (arbitrary values)1 
 CONT ID  P-Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 0.340 0.344 0.327 0.339 0.00454 0.04 0.06 0.37 
Cerebellum 0.192 0.211 0.178 0.199 0.00397 <0.01 <0.001 0.79 
Corpus Callosum 0.299 0.334 0.292 0.327 0.00440 0.16 <0.001 0.85 
Internal Capsule 0.433 0.456 0.421 0.450 0.00356 0.04 <0.001 0.21 
Left Cortex 0.321b 0.341d 0.317a 0.333c 0.00144 <0.01 <0.001 0.03 
Left Hippocampus 0.304 0.301 0.306 0.298 0.00515 0.91 0.19 0.43 
Right Cortex 0.333ab 0.347c 0.330a 0.337b 0.00234 0.01 <0.001 0.05 
Right Hippocampus 0.300 0.302 0.292 0.305 0.00569 0.69 0.13 0.25 
Thalamus 0.319 0.321 0.311 0.315 0.00542 0.14 0.58 0.87 
Whole Brain (from FA)2 0.317a 0.340c 0.315a 0.328b 0.00146 <0.001 <0.001 <0.001 
Whole Brain (from T1 scan)3 0.319a 0.339c 0.316a 0.329b 0.00148 <0.01 <0.001 0.01 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and postnatal MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. abcdLabeled means in a row 
without a common superscript letter differ, P < 0.05. Abbreviations: control (CONT), iron deficient (ID), postnatal day (PND). 
2Whole brain FA values were generated from FA diffusion masks with a threshold of 0.15 to ensure only white matter was measured.  








Supplemental Table 5.1 Absolute brain volumes (mm3)1 
 CONT ID  P-Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 523b 639c 478a 628c 9.8 0.03 <0.001 0.01 
Cerebellum 7911 10140 7290 9383 129.9 <0.001 <0.001 0.38 
Cerebral Aqueduct 44 58 41 54 0.8 <0.001 <0.001 0.66 
Corpus Callosum 474 584 431 563 9.7 0.01 <0.001 0.06 
Cerebrospinal Fluid 14658 18702 12404 18619 858.7 0.13 <0.001 0.19 
Fourth Ventricle 64 81 59 75 1.2 <0.01 <0.001 0.32 
Gray Matter 43601b 48502c 39316a 48541c 890.9 0.03 <0.001 <0.01 
Hypothalamus 305b 375c 275a 363c 5.0 <0.01 <0.001 0.01 
Internal Capsule 1778b 2197c 1611a 2116c 31.5 <0.01 <0.001 0.03 
Lateral Ventricle 609b 756c 556a 731c 12.0 0.01 <0.001 0.05 
Left Cortex 19992 25002 18285 24234 414.8 0.02 <0.001 0.08 
Left Hippocampus 579 740 524 687 12.6 <0.001 <0.001 0.90 
Medulla 2317 2972 2163 2805 39.7 <0.001 <0.001 0.82 
Midbrain 2163 2707 1962 2556 34.0 <0.001 <0.001 0.23 
Olfactory Bulb 3049b 3885c 2726a 3862c 67.9 0.03 <0.001 0.01 
Pons 1398 1762 1295 1685 19.6 <0.001 <0.001 0.29 
Putamen-Globus Pallidus 447b 546c 404a 535c 8.1 0.01 <0.001 <0.01 
Right Cortex 20684b 25382c 19013a 24724c 394.1 0.03 <0.001 0.02 
Right Hippocampus 598 747 539 696 11.1 <0.001 <0.001 0.56 
Thalamus 1715 2121 1544 2017 29.7 <0.001 <0.001 0.09 
Third Ventricle 59 75 53 71 1.2 <0.01 <0.001 0.08 
White Matter 22266 28772 22723 28358 754.5 0.98 <0.001 0.46 
Whole Brain 72484b 90493c 66464a 87647c 1223.0 0.01 <0.001 0.02 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. abcLabeled means in a row without a 





Supplemental Table 5.2 Relative brain volumes (%TBV)1 
 CONT ID  P-Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 0.7218 0.7055 0.7190 0.7176 0.00598 0.49 0.05 0.10 
Cerebellum 10.9262ab 11.2089c 10.9741bc 10.7240a 0.09691 0.07 0.78 <0.001 
Cerebral Aqueduct 0.0611 0.0634 0.0615 0.0614 0.00088 0.37 0.16 0.11 
Corpus Callosum 0.6535 0.6442 0.6484 0.6429 0.00448 0.48 0.07 0.62 
Cerebrospinal Fluid 20.1640 20.8222 18.6594 21.1863 0.89650 0.42 0.09 0.31 
Fourth Ventricle 0.0878 0.0893 0.0891 0.0859 0.00151 0.50 0.48 0.07 
Gray Matter 60.1824 54.7462 59.1802 55.5527 0.93320 0.92 <0.001 0.21 
Hypothalamus 0.4207 0.4138 0.4141 0.4144 0.00423 0.53 0.28 0.23 
Internal Capsule 2.4537 2.4244 2.4246 2.4188 0.01203 0.18 0.09 0.24 
Lateral Ventricle 0.8405 0.8344 0.8364 0.8352 0.00525 0.75 0.42 0.59 
Left Cortex 27.5774 27.5932 27.5054 27.6602 0.17830 0.99 0.60 0.67 
Left Hippocampus 0.7987 0.8146 0.7878 0.7834 0.00748 0.01 0.40 0.14 
Medulla 3.2025 3.2731 3.2573 3.2098 0.05016 0.93 0.79 0.18 
Midbrain 2.9874 2.9862 2.9540 2.9207 0.02401 0.07 0.34 0.37 
Olfactory Bulb 4.2071ab 4.2856bc 4.1022a 4.4204c 0.06511 0.83 <0.001 0.03 
Pons 1.9308 1.9457 1.9509 1.9272 0.02129 0.97 0.78 0.23 
Putamen-Globus Pallidus 0.6167b 0.6032a 0.6086ab 0.6111ab 0.00418 0.98 0.07 0.01 
Right Cortex 28.5211 28.0498 28.6020 28.2449 0.16000 0.37 0.01 0.70 
Right Hippocampus 0.8247 0.8238 0.8110 0.7943 0.00612 <0.01 0.08 0.11 
Thalamus 2.3676 2.3365 2.3248 2.3072 0.01621 0.04 0.09 0.63 
Third Ventricle 0.08201 0.08253 0.0800 0.0861 0.00084 0.09 0.15 0.46 
White Matter 30.7870 31.6419 34.2077 32.3016 0.95190 0.03 0.55 0.12 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. abcLabeled means in a row without a 







Supplemental Table 5.3 Radial diffusivity measures (×10-3mm2/s )1 
 CONT ID  P-Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 0.754 0.699 0.754 0.712 0.0120 0.60 <0.001 0.56 
Cerebellum 1.020 1.000 1.040 0.999 0.0220 0.77 0.03 0.55 
Corpus Callosum 1.100 1.020 1.080 1.010 0.0320 0.70 <0.001 0.84 
Internal Capsule 0.628 0.603 0.637 0.612 0.0050 0.10 <0.001 0.98 
Left Cortex 0.793 0.745 0.802 0.765 0.0060 0.03 <0.001 0.20 
Left Hippocampus 0.891 0.872 0.905 0.888 0.0230 0.59 0.23 0.93 
Right Cortex 0.775 0.754 0.800 0.779 0.0070 <0.001 <0.01 0.99 
Right Hippocampus 0.926 0.878 0.892 0.866 0.0230 0.37 0.04 0.53 
Thalamus 0.713 0.691 0.724 0.701 0.0070 0.08 <0.01 0.92 
Whole Brain 0.827 0.772 0.848 0.804 0.0060 <0.01 <0.001 0.24 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. Abbreviations: control (CONT), iron 






Supplemental Table 5.4 Mean diffusivity measures (×10-3mm2/s )1 
 CONT ID  P - Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 0.930 0.865 0.921 0.878 0.0130 0.86 <0.001 0.35 
Cerebellum 1.130 1.110 1.140 1.110 0.0230 0.93 0.11 0.63 
Corpus Callosum 1.320 1.250 1.290 1.230 0.0370 0.57 0.01 0.76 
Internal Capsule 0.844 0.833 0.847 0.837 0.0040 0.51 <0.01 0.84 
Left Cortex 0.962 0.915 0.969 0.934 0.0060 0.07 <0.001 0.18 
Left Hippocampus 1.070 1.040 1.090 1.060 0.0260 0.56 0.11 0.93 
Right Cortex 0.950 0.929 0.976 0.954 0.0070 <0.001 <0.01 0.99 
Right Hippocampus 1.110 1.050 1.060 1.050 0.0250 0.34 0.04 0.26 
Thalamus 0.864 0.836 0.871 0.845 0.0070 0.22 <0.01 0.95 
Whole Brain 0.999 0.942 1.021 0.974 0.0070 <0.01 <0.001 0.28 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. Abbreviations: control (CONT), iron 







Supplemental Table 5.5 Axial diffusivity measures (×10-3mm2/s )1 
 CONT ID  P-Value 
Brain Region PND 32 PND 61 PND 32 PND 61 SEM Diet Day Diet × Day 
Caudate 1.283 1.195 1.255 1.212 0.0170 0.70 <0.01 0.17 
Cerebellum 1.344 1.342 1.341 1.328 0.0240 0.76 0.66 0.77 
Corpus Callosum 1.753 1.703 1.695 1.673 0.0470 0.42 0.25 0.66 
Internal Capsule 1.276 1.289 1.265 1.288 0.0060 0.34 <0.01 0.41 
Left Cortex 1.301 1.255 1.303 1.273 0.0070 0.20 <0.001 0.15 
Left Hippocampus 1.431 1.390 1.462 1.407 0.0330 0.52 0.05 0.77 
Right Cortex 1.306 1.281 1.326 1.303 0.0090 0.01 <0.01 0.91 
Right Hippocampus 1.488 1.399 1.413 1.407 0.0300 0.32 0.04 0.07 
Thalamus 1.167 1.125 1.167 1.132 0.0120 0.71 <0.01 0.82 
Whole Brain 1.342 1.282 1.366 1.315 0.0080 <0.01 <0.001 0.36 
1Data presented as mean and pooled standard error of the means (SEM) for each dietary treatment group. Main effects of dietary treatment (Diet; 
CONT vs ID) and MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are presented. Abbreviations: control (CONT), iron 












Figure 5.1 Early life dietary iron status influences pig absolute brain volumes over time. An 
interaction between dietary treatment and MRI day (P = 0.02), indicates differences (P < 0.05) in 
brain volumes at 32 days of age between CONT and ID pigs, but no difference (P > 0.05) in 
brain volume between CONT and ID pigs at 61 days of age. Abbreviations: control (CONT), 











Figure 5.2 Early life dietary iron status influences pig relative brain volumes for specific brain 
regions over time. Interactive effects of dietary treatment and MRI day were observed for 
relative brain volumes (i.e., brain region as a percent of total brain volume) in the cerebellum (P 
< 0.001), olfactory bulb (P < 0.03), and putamen-globus pallidus (P = 0.01). Abbreviations: 
control (CONT), iron deficient (ID), postnatal day (PND). abcMeans without a common letter 










Figure 5.3 Early life dietary iron status influences pig relative brain volumes for specific brain 
regions. Main effects of dietary treatment were also observed for relative volumes in the left 
hippocampus (P < 0.01), right hippocampus (P < 0.01), thalamus (P = 0.04), and white matter (P 
= 0.03). Abbreviations: control (CONT), iron deficient (ID). abMeans without a common letter 







Figure 5.4 Iron deficiency influences fractional anisotropy at PND 32 and PND 61.  
 
 
Figure 5.4 Early life dietary iron status influences pig fractional anisotropy (FA) for specific 
brain regions over time. Diffusion measures of FA indicated interactive effects of dietary 
treatment and MRI day in the left cortex (P = 0.03), right cortex (P = 0.05), and whole brain (P < 
0.001). Abbreviations: control (CONT), iron deficient (ID), postnatal day (PND). abcMeans 










Figure 5.5 Early life dietary iron status influences pig fractional anisotropy (FA) for specific 
brain regions. Main effects of dietary treatment were observed for FA values in the caudate (P = 
0.04), cerebellum (P < 0.01), and internal capsule (P = 0.04), in all instances ID pigs exhibited 
decreased FA values compared with CONT pigs. Abbreviations: control (CONT), iron deficient 







Figure 5.6 Iron deficiency influences mean, axial, and radial diffusivity measures.  
 
 
Figure 5.6 Early life dietary iron status influences pig mean (MD), axial (AD), and radial (RD) 
diffusivity for the whole brain and right cortex. A main effect of dietary treatment was observed 
for MD (P < 0.01), AD (P < 0.01), and RD (P < 0.01) in the whole brain. A main effect of 
dietary treatment was observed for MD (P < 0.01), AD (P = 0.01), and RD (P < 0.001) in the 
right cortex. In all instances, diffusivity values were higher in ID pigs compared with CONT 
pigs. Abbreviations: control (CONT), iron deficient (ID). abMeans without a common letter 





Supplemental Figure 5.1 Iron deficiency influences fractional anisotropy in the whole brain  
at PND 32 and PND 61. 
 
 
Supplemental Figure 5.1 Figure 4. Early life dietary iron status influences pig fractional 
anisotropy (FA) for specific brain regions over time. Diffusion measures of FA indicated 
interactive effects of dietary treatment and MRI day in the whole brain (P < 0.001). This data 
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CHAPTER 6: EARLY-LIFE IRON DEFICIENCY REDUCES BRAIN IRON CONTENT 
AND ALTERS BRAIN TISSUE COMPOSITION DESPITE IRON REPLETION: A 
NEUROIMAGING ASSESSMENT6 
ABSTRACT 
Background: Early-life iron deficiency has lifelong influences on brain structure and cognitive 
function, however characterization of these changes often requires invasive techniques. There is 
a need for non-invasive assessment of early-life iron deficiency with potential to translate 
findings to the human clinical setting.  
 
Methods: In this study, 28 male pigs were provided either a control diet (CONT; n = 14; 23.5 mg 
Fe/L milk replacer) or an iron-deficient diet (ID; n = 14; 1.56 mg Fe/L milk replacer) for phase 1 
of the study, from postnatal day (PND) 2 until 32. Twenty pigs (n = 10/diet from phase 1) were 
used in phase 2 of the study from PND 33 to 61, where all pigs were provided a common iron-
sufficient diet, regardless of their phase 1 dietary iron status. All pigs were subjected to magnetic 
resonance imaging at PND 32 and again at PND 61, and quantitative susceptibility mapping was 
used to assess brain iron content at both imaging time-points. Data collected on PND 61 were 
analyzed using voxel-based morphometry and tract-based spatial statistics to determine tissue 
concentration difference and white matter tract integrity, respectively.  
 
                                               
6This is a pre-copyedited, author-produced version of an article accepted for publication in 
Nutrients following peer review. The version of record, “Mudd, AT, JE Fil, LC Knight, F Lam, 
Z-P Liang, and RN Dilger. 2018. Early-life iron deficiency reduces brain iron content and alters 
brain tissue composition despite iron repletion: a neuroimaging assessment. Nutr. 10(2);135. doi: 





Results: Quantitative susceptibility mapping outcomes indicated reduced iron content in the 
pons, medulla, cerebellum, left cortex, and left hippocampus of ID pigs compared with CONT 
pigs, regardless of imaging time-point. In contrast, iron contents were increased in the olfactory 
bulbs of ID pigs compared with CONT pigs. Voxel-based morphometric analysis indicated 
increased gray and white matter concentrations in CONT pigs compared with ID pigs that were 
evident at PND 61. Differences in tissue concentrations were predominately located in cortical 
tissue as well as the cerebellum, thalamus, caudate, internal capsule, and hippocampi. Tract-
based spatial statistics indicated increased FA values along subcortical white matter tracts in 
CONT pigs compared with ID pigs that were evident on PND 61. All described differences were 
significant at p ≤ 0.05.
 
Conclusions: Results from this study indicate that neuroimaging can sensitively detect structural 
and physiological changes due to early-life iron deficiency, including gray and white matter 
volumes, iron contents, as well as reduced subcortical white matter integrity, despite a 
subsequent period of dietary iron repletion.
6.1 INTRODUCTION 
Iron deficiency is the most common micronutrient deficiency worldwide (World Health 
Organization 2001, 2017) and a deficiency during the perinatal period has lifelong implications. 
Infants are at an increased risk for iron deficiency (McLean et al. 2009) and the developing brain 
is highly vulnerable to alterations in iron status (Georgieff 2007, 2017; Lozoff and Georgieff 
2006; Radlowski and Johnson 2013). Research in humans has shown that iron deficiency early in 
life results in delayed motor development by 10 months of age (Shafir et al. 2008), delayed 





executive functions at 19 years of age (Lukowski et al. 2010), and poorer emotional health in the 
mid-twenties (Lozoff et al. 2013). It is clear that early-life iron deficiency has lasting effects on 
cognitive performance, yet it remains to be elucidated what structural differences in brain 
development might underlie these persistent cognitive changes. Some studies in humans have 
used other non-invasive techniques such as evoked potential recordings (Algarín et al. 2003), 
electrophysiological recording and processing (Congdon et al. 2012) and electroencephalography 
(Otero et al. 2017) to explain structural alterations in brain development related to iron 
deficiency. While these methods may potentially explain a mechanism for altered brain 
development, more sensitive assessments are needed to non-invasively characterize the brain 
regions influenced by iron deficiency.  
The presence of iron in the brain is necessary for proper vascular development (Bastian et 
al. 2015), myelination (Todorich et al. 2009), neurotransmitter synthesis (Felt et al. 2006; Lozoff 
et al. 2011), and neuron morphology (Bastian et al. 2016; Greminger et al. 2014). To date, many 
of the mechanisms for iron’s involvement in brain development have been determined using 
invasive techniques in animal models. While necessary and informative, these methods are not 
feasible in clinical populations, thus there is a need to characterize similar findings using non-
invasive techniques. Magnetic resonance imaging (MRI) is one method that may bridge the gap 
between invasive techniques used in animal models and cognitive and surface recording 
assessments used in humans. A recent study indicated maternal iron status and cord blood ferritin 
measures related to markers of infant brain development, which were assessed using diffusion 
tensor imaging (Monk et al. 2016). While this finding is informative, hematological indices of 
iron status often do not predict brain iron content, as the brain tends to deplete prior to blood 





levels throughout development, thereby illuminating differences that may not be predicted by 
hematological indices. Quantitative susceptibility mapping (QSM) is an MRI method that has 
been used to quantify altered iron status in clinical cases of restless leg syndrome (Li et al. 2016) 
and β-thalassemia (Qiu et al. 2014), thus it is possible that these methods may be able to 
sensitively detect altered brain iron status in cases of dietary iron deficiency. In fact, a recent 
neuroimaging study that used QSM in children found that brain iron content in the caudate 
nucleus related to performance on spatial IQ tests (Carpenter et al. 2016), thereby offering 
insight into brain regions that may underlie cognitive differences due to iron status. Moreover, 
neuroimaging allows for assessment of structural brain development such as myelination, and 
gray matter and white matter tissue distributions, and may prove useful in sensitively 
characterizing structural differences later in life.  
We previously reported that early-life iron deficiency resulted in decreased relative brain 
volumes of specific regions and region-specific reductions in diffusion tensor measures, which 
persisted in developing pig brains even after a subsequent period of dietary iron repletion (Mudd 
et al. 2017). Interestingly, these differences in microstructural brain development were present at 
postnatal day (PND) 61 despite a lack of difference in absolute brain volume between iron 
deficient (ID) and control (CONT) pigs at that time-point. These findings suggest 
comprehensively assessing the effects of iron deficiency is necessary to elucidate region-specific, 
rather than whole brain, implications of altered nutrient status. To further expand upon our 
previous findings, herein we analyzed differences between early-life ID and CONT pigs in 
concentrations of brain gray matter, white matter, and measures of white matter tract 
development at PND 61. Due to the highly dynamic nature of the developing brain and the 





tissue concentrations would be altered by early life iron status and remain evident at PND 61. 
Thus, the aim of this study was to identify specific regions of the brain that remained structurally 
different in ID pigs after a subsequent period of iron repletion Additionally we used, a non-
invasive neuroimaging technique, QSM, to characterize changes in brain iron content. Using this 
method, we hypothesized that pigs provided an ID diet early in life would exhibit decreased iron 
content in the brain, as measured through QSM. 
6.2 MATERIALS & METHODS 
Animal Care and Housing. Twenty-eight, naturally-farrowed, intact male pigs were obtained 
from Carthage Veterinary Services and transferred to the University of Illinois Piglet Nutrition 
and Cognition Laboratory (PNCL) at PND 2. Per standard agricultural protocol, pigs were 
provided an intramuscular injection of a prophylactic antibiotic (0.1 mL of ceftiofur crystalline 
free acid (Exceed, Zoetis, Parsippany, NJ)) within 24 h of birth. Contrary to typical agricultural 
procedures, pigs on this study were not administered an intramuscular injection of iron dextran 
because iron was the nutrient being manipulated as per the experimental design. Recent pig 
studies observed hippocampal transcriptome changes (Gan, Yang, and Mei 2017) and possible 
effects of iron overload (Antonides et al. 2015) after a bolus administration of iron dextran in the 
first few days of life, which further justifies our decision to not provide iron dextran to any pigs. 
Upon arrival to PNCL on PND 2, pigs were stratified into one of two experimental diets, 
described below. Pigs were randomly allocated into treatment groups to account for initial 
bodyweight and maternal genetics, with no bodyweight or iron status differences between the 
groups at the start of the study. Pigs were provided experimental milk replacer diets from PND 2 
until PND 32 (phase 1), at which point both treatment groups were weaned onto a series of 





phase 1 and phase 2 rearing environments has been previously described (Mudd et al. 2017). All 
animal and experimental procedures were in accordance with the National Research Council 
Guide for the Care and Use of Laboratory Animals and approved by the University of Illinois at 
Urbana-Champaign Institutional Animal Care and Use Committee. Approval for this research 
project was confirmed on 3 March 2015 and is identified as IACUC 15034 at the University of 
Illinois Urbana-Champaign.  
 
Dietary Treatments. For phase 1 of this study, pigs (N = 28; n = 14 per diet) were provided one 
of two dietary treatments with varying iron content. The control diet (CONT) was formulated to 
meet all of the nutrient requirements of the growing pig and was formulated to contain 117.5 mg 
Fe/kg milk replacer powder. The iron deficient (ID) diet was similar to the CONT diet, however 
iron was only formulated to be supplemented at 7.8 mg Fe/kg milk replacer powder. 
Additionally, both diets were formulated to contain arachidonic acid (ARA) (2.08 g ARA/kg 
milk replacer powder) and docosahexanoeic acid (DHA) (1.04 g DHA/kg milk replacer powder). 
Milk replacer was reconstituted fresh daily with 200 g of milk replacer powder per 800 g water. 
Thus, formulated iron concentrations in reconstituted pig milk replacers were: CONT, 23.5 mg 
Fe/L milk replacer, and ID, 1.56 mg Fe/L milk replacer. All pigs were provided ad libitum access 
to liquid diets from PND 2 until PND 32.  
For phase 2 of this study, all pigs (N = 20, n = 10/phase 1 diet) were weaned onto the 
same series of age-appropriate, nutritionally-adequate solid diets, regardless of their phase 1 
dietary iron status. Pigs were provided ad libitum access to water and standard complex diets 
(major ingredients including corn, whey, and soybean meal) and standard agricultural feeding 





diets, on PND 33, 41, and 50 respectively. During this phase of the study, all diets were 
formulated to meet all nutrient requirements of the growing pig (National Research Council (US) 
2012), including iron. No zinc oxide, copper sulfate, or in-feed antibiotics were included in any 
diets.  
 
Magnetic Resonance Imaging. All pigs remaining in each phase underwent MRI procedures on 
PND 32 or 33 for phase 1 and again at PND 61 or 62 for phase 2, at the Beckman Institute for 
Advanced Science and Technology Biomedical Imaging Center. For phase 1, 28 pigs (n = 14 per 
diet) were subjected to neuroimaging procedures and for phase 2, 20 pigs (n = 10 per phase 1 
diet) were subjected to neuroimaging procedures. Imaging procedures were performed using a 
Siemens MAGNETOM Trio 3T scanner, with a custom pig-specific 8-channel head coil at PND 
32 and a human 8-channel head coil at PND 61. Upon arrival to the imaging facility, anesthesia 
was induced using an intramuscular injection of telazol: ketamine: xylazine solution [50.0 mg 
tiletamine plus 50.0 mg of zolazepam reconstituted with 2.50 mL ketamine (100 g/L) and 2.50 
mL xylazine (100 g/L); Fort Dodge Animal Health] administered at 0.03mL/kg body weight, and 
maintained with inhalation of isoflurane (98% O2, 2% isoflurane). Pigs were immobilized during 
all MRI procedures. Visual observation of each pig’s well-being, as well as observations of heart 
rate, PO2 and percent of isoflurane were recorded every 5 minutes during the procedure. Total 
scan time for each pig was approximately 60 minutes. Upon completion of the scan, pig 
respiration and heart rate were monitored every 15 minutes until complete recovery from 






Structural MRI Acquisition and Analysis. A T1-weighted magnetization-prepared rapid gradient 
echo (MPRAGE) sequence was used to obtain anatomic images of the pig brain, with a 0.7 mm 
isotropic voxel size. The following specific parameters were used for the MPRAGE sequence: 
repetition time (TR) = 1900 ms; echo time (TE) = 2.49 ms; inversion time (TI) = 900 ms; 224 
slices; field of view (FOV) = 180x180 mm2; flip angle = 9º. Pig brains were manually extracted 
as previously described (Mudd et al. 2016). All toolboxes described herein were available in 
SPM12 (Wellcome Department of Clinical Neurology, London, UK) and Matlab R2015a was 
used for data processing. Once extracted, the ‘Coregister:Estimate & Reslice’ toolbox was used 
to coregister individual brains to the Pig MRI Atlas (Conrad et al. 2014). Next, the ‘Old 
Normalize: Estimate & Reslice’ toolbox was used to transform individual pig brains into atlas 
space. The following parameters in Old Normalize were used for pig specific data processing: 
template image (Pig MRI Atlas), bounding box (-30.1 -35 -28 / 30.1 44.8 31.5), voxel size (0.7). 
The “Segment” function of SPM12 and pig-specific prior probability tissue maps were then used 
to segment the brains into gray matter and white matter. Voxel-based morphometry (VBM) 
analysis was performed to assess gray and white matter tissue concentrations using SPM12 
software. The Diffeomorphic Anatomical Registration using Exponentiated Lie Algebra 
(DARTEL) toolbox was used with pig-specific specifications that included changing the 
bounding box of -30.1 to 30.1, -35 to 44.8, -28 to 31.5; and a voxel size of 0.7 mm3. After the 
nonlinear transformation of the data in the DARTEL procedure, flow fields were created and 
converted to warp files. The warp files generated were then applied to the subject’s gray and 
white matter. The modulated data were smoothed with a 4 mm full-width half maximum, and 






Quantitative Susceptibility Mapping. Brain tissue susceptibility was obtained to access the iron 
content change due to iron-deficiency. To this end, whole brain 1H magnetic resonance 
spectroscopic imaging (MRSI) data without water suppression were acquired using the recently 
proposed SPICE-based acquisition (Lam and Liang 2014; Peng et al. 2017). Without water 
suppression, QSM of brain tissues can be extracted from the phase information encoded in the 
water spectroscopic signals (Peng et al. 2017; Wang and Liu 2015). The detailed acquisition 
parameters are as follows: TR/TE = 310/4 ms, FOV = 200x160x64 mm3, matrix size = 
100x120x26, flip angle = 37o, readout bandwidth = 167 kHz, number of echoes acquired each 
TR = 200, and echo spacing = 850ms. Susceptibility maps were extracted from the water 
spectroscopic data using the following algorithm (see Peng et al., 2017 for more details): 1) total 
B0 field inhomogeneity maps were estimated by using a voxel-by-voxel least-squares fitting of 
the multi-echo data; 2) the tissue susceptibility induced field inhomogeneity was extracted from 
the total field by solving the Laplacian boundary value problem (Zhou et al. 2014); 3) 
susceptibility maps were then determined by solving the tissue field to susceptibility dipole 
inversion (Wang and Liu 2015); and 4) regional susceptibility values were obtained by averaging 
the susceptibility values in different ROIs, using the University of Illinois Pig Brain Atlas 
(Conrad et al. 2014) (http://pigmri.illinois.edu/).  
 
Tract-based Spatial Statistics. Diffusion tensor imaging was used to assess white matter 
maturation and axonal tract integrity using a b-value = 1000 s/mm2 across 30 directions and a 2 
mm isotropic voxel. Diffusion-weighted EPI images were assessed in FSL for fractional 
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) using 





spatial statistics (TBSS) assessment of FA data (Smith et al. 2004, 2006). Fractional anisotropy 
images, previously generated from diffusion data, were manually extracted, and all FA data from 
individual subjects were aligned using the FSL nonlinear registration tool FNIRT. Upon 
alignment, the study-specific mean FA image was created and a mean FA skeleton representing 
the center of all common tracts was established. A threshold of 0.2 was determined to be 
sensitive for mean FA tract delineation. Once the study-specific mean FA skeleton was created, 
each subjects’ aligned FA data were projected onto the mean FA skeleton and the resulting 
voxel-wise cross-subject data were used for statistical analyses (Smith et al. 2004, 2006). For all 
TBSS analyses involving registration to an atlas, the University of Illinois Pig Brain Atlas 
(http://pigmri.illinois.edu/) was used in place of human brain templates (Conrad et al. 2014).  
 
Statistical Analysis. All researchers involved in this study (i.e., those performing daily 
procedures, data collection, and data analysis steps) remained blinded to dietary treatment 
identity until final data analyses had been completed. Data were analyzed by using the MIXED 
procedure of SAS 9.4 (SAS Institute, Cary, NC). Quantitative susceptibility measures were 
analyzed from data generated at PND 32 and 61, thus all data were analyzed using a 2-way 
repeated measures ANOVA (i.e., dietary iron status with postnatal day at time of neuroimaging 
acquisition as the repeated measure). Interactive effects were defined as an interaction between 
diet (CONT vs. ID) and MRI day (PND 32 vs 61). The number of animals per treatment group 
was based on a power analysis using the variability estimates from previous studies to detect 
differences with sufficient power of 80% and at a significance of 0.05. Data were analyzed for 





outliers were removed prior to statistical analysis. Significance was accepted at P ≤ 0.05. Data 
are presented as least-squares means with pooled standard errors of the mean (SEM).  
 
Voxel-based morphometry statistics. Voxel-based morphometry analyses were performed on data 
acquired at PND 61. As such, two-sample permutation t-tests were performed on a voxel-by-
voxel basis for gray and white matter volume differences between animals on the early-life 
CONT and ID diets, with an uncorrected P < 0.001. An additional threshold criterion of at least 
20 edge-connected voxels was used.  
 
Tract-based spatial statistics. For TBSS analysis, only data acquired at PND 61 was analyzed. A 
nonparametric permutation inference function called ‘randomise’ was used within the FSL 
toolbox and run as a two-sample t-test with 500 permutations to compare the effects of early-life 
CONT and ID diets. Multiple comparisons were also accounted for within the randomize 
function. The resulting statistical analysis was then presented as heat maps indicating brain areas 
where FA values differed between dietary treatments. 
 
6.3 RESULTS 
Quantitative susceptibility mapping. Interactive effects of diet and MRI day were not observed 
for region-specific QSM measures. A main effect of dietary treatment (i.e., independent of MRI 
day) (P < 0.05) was observed in the pons, medulla, cerebellum, left cortex, olfactory bulb, and 
left hippocampus, Figure 6.1 and Table 6.1. Regardless of imaging time-point, pigs receiving the 
ID diet exhibited lower QSM values in the pons (P < 0.001), medulla (P = 0.02), cerebellum (P 





pigs. Conversely, pigs on the ID diet exhibited higher (P = 0.04) QSM values in the olfactory 
bulb when compared with CONT pigs, regardless of imaging time-point.  
A main effect of MRI day (i.e., independent of early-life iron status) (P < 0.05) was 
observed for corpus callosum, hypothalamus, and right cortex. The QSM measures in the corpus 
callosum (P = 0.03) increased from 0.26 ± 1.36 ppb on PND 32 to 4.89 ± 1.36 ppb at PND 61. In 
the right cortex, QSM measures increased (p = 0.03) from -1.83 ± 0.42 ppb on PND 32 to -0.21 ± 
0.42 ppb at PND 61.  Conversely, the QSM measures in hypothalamus decreased (P = 0.04) 
from -3.65 ± 1.70 ppb on PND 32 to -8.62 ± 1.70 ppb on PND 61. Notably, as iron content 
increases, QSM measures change from negative (i.e. indicating diamagnetic tissue properties) to 
positive (i.e., indicating paramagnetic tissue properties). Note, no interactive effects were 
observed, but means for both dietary treatments at both imaging time points are presented in 
Table 6.1. Accordingly, a main effect of diet can be determined by averaging the measures 
within dietary treatment group for each brain region and a main effect of time can be determined 
by averaging the two treatment groups at each imaging time point.  
 
Voxel-based morphometry. Voxel-based morphometry is an analytical technique used to 
compare gray or white matter tissue distribution between two treatment groups. Accordingly, 
each treatment group may have more or less gray matter or white matter, resulting in clusters of 
voxels that indicate differences in tissue composition. Analysis of gray and white matter tissue 
segmentations from the PND 61 imaging time-point indicated region-specific differences (P < 
0.001) between CONT and ID pigs, Table 6.2. A comparison of gray matter voxels where CONT 
pigs exhibited more (P < 0.001) gray matter voxels than ID pigs indicated differences in the left 





(red comparisons). The opposite comparison, in which ID pigs exhibited increased gray matter 
(P < 0.001) compared with CONT pigs (ID > CONT) indicated small gray matter clusters, in 
each of the left and right cortex, Figure 6.2 (blue comparisons). Comparison of white matter 
voxels where CONT pigs exhibited more (P < 0.001) white matter voxels than ID pigs indicated 
differences in the internal capsule, left cortex, right cortex, left hippocampus, and right 
hippocampus (CONT > ID), Figure 6.3 (red comparisons) and Table 6.2. There were no 
instances in which ID pigs exhibited more white matter compared with CONT pigs (ID > 
CONT). Table 6.2 lists clusters of edge-connected voxels where a statistical difference between 
the two dietary treatments was observed. The anatomical regions described were determined 
from x, y, z coordinates that corresponded to peak maximum differences within the clusters, thus 
it is possible to have multiple peaks per cluster.  
 
Tract-based spatial statistics. Tract-based spatial statistics allows assessment of differences due 
to diet in FA values along predetermined white matter tracts from data acquired at the PND 61 
time-point. Analysis of FA values indicated subcortical areas in which CONT pigs exhibited 
greater (P < 0.05) FA values compared with ID pigs, Figure 6.4. Upon visual inspection, the 
greatest FA value differences appear to be in the white matter tracts located in the caudate and 
thalamus. Analysis of the opposite comparison, where FA values were greater in ID pigs 
compared with CONT pigs, revealed no differences (P > 0.05).  
 
6.4 DISCUSSION 
Iron is pivotal for proper brain development, and alterations in both prenatal and 





Lozoff et al. 2011; Lozoff and Georgieff 2006). Moreover, brain development is a dynamic and 
heterogeneous process, thus the effects of iron deficiency are highly dependent on the timing and 
severity of the altered iron status (Georgieff 2007). In our study, pigs were provided either an ID 
or CONT diet from PND 2 until PND 32, at which point all pigs were switched to iron-replete 
diets until PND 61. The aim of this study was to determine what microstructural differences 
persisted in the brain at PND 61, despite all pigs being provided iron-replete diets from PND 33 
to PND 61. In doing so, our study was designed to mimic postnatal dietary iron deficiency in 
human infants from birth up until four to six months of age when iron-fortified foods tend to be 
introduced into the diet. We previously published results indicating that total brain volumes are 
different between ID and CONT pigs at PND 32 but are not different at PND 61 (Mudd et al. 
2017). Despite the observed compensatory brain volume growth during the period of dietary iron 
repletion, results from our analyses indicated tissue microstructural differences remained at PND 
61. Therefore, to further elucidate how dietary iron status influenced brain development, we used 
voxel-based morphometry and tract-based spatial statistics to provide visual characterizations of 
neurodevelopment at PND 61. Herein, we provide evidence that structural differences in gray 
and white matter are present in specific regions of the brain, even after 30 d of iron repletion. We 
also utilized quantitative susceptibility mapping to non-invasively characterize differences in 
brain iron content due to early-life dietary iron deficiency. These results are poised to have 
clinical relevance as we show neuroimaging can sensitively quantify differences in brain iron 
content due to dietary iron status.  
 
Quantitative Susceptibility Measures. Iron is essential throughout early-life brain development to 





Lozoff et al. 2011), and neuron morphology (Bastian et al. 2016; Greminger et al. 2014). 
Accordingly, the concentration of iron varies by brain region (Bradbury 1997; Haacke et al. 
2005) and its presence is critical to ensure proper development throughout the brain. To date, 
many animal studies have focused on quantification of brain iron using invasive techniques to 
analyze samples of brain tissue (Antonides et al. 2015; Bastian et al. 2015; Rytych et al. 2012). 
Importantly, assessment of iron status through blood biomarkers is not always a reliable 
predictor of brain iron content. As evidence of this, a recent study where pigs were provided with 
ID diets early in life followed by iron replete diets indicated hematocrit and hemoglobin 
measures were not different between CONT and ID pigs at 12 weeks of age, but hippocampal 
iron content remained lower in ID pigs (Antonides et al. 2015). Provided the ethical limitations 
of collecting brain samples from human infants and the unreliable relationship between blood 
and brain iron concentrations, there is a need for a non-invasive assessment of brain iron content 
early in life. Quantitative susceptibility mapping is a non-invasive neuroimaging technique 
which can be used to sensitively characterize brain iron content (Wang and Liu 2015). This 
technique quantifies magnetic properties of tissue, and as iron is deposited into tissue, the tissue 
becomes increasingly paramagnetic. Thus, as development occurs and iron is accreted, it is 
expected that QSM values will increase (indicating stronger paramagnetic tissue properties). A 
previous report, where QSM methods were used in children, indicates that increased brain iron 
concentrations in the caudate related to increased spatial IQ (Carpenter et al. 2016). Accordingly, 
this method may prove to be a sensitive non-invasive biomarker for quantifying brain iron 
content, and may help to explain differences in brain structural and functional development. To 
our knowledge, there do not appear to be any studies using QSM to determine the iron status of 





content in clinical cases of restless leg syndrome (Li et al. 2016) and β-thalassemia (Qiu et al. 
2014).  
In the present analysis, we used QSM to assess whether differences in brain iron could be 
detected non-invasively after a period of early-life iron deficiency. Our results indicate that pigs 
provided an early-life ID diet exhibited decreased brain iron concentrations in the cerebellum, 
pons, medulla, left cortex, and right cortex compared with CONT pigs at PND 32 and after 
receiving iron replete diets (i.e., at PND 61). Interestingly, ID pigs exhibited increased iron 
content in the olfactory bulb compared with CONT pigs. Previous analysis of brain volumes and 
diffusion tensor measures in this group of pigs indicated decreased relative brain volumes in the 
left hippocampus and the cerebellum of ID pigs (Mudd et al. 2017). Iron is needed for growth 
and expansion of neurons as well as dendrite morphogenesis in rodents (Jorgenson, Wobken, and 
Georgieff 2003) and pigs (Schachtschneider et al. 2016). Thus, our QSM data may suggest a 
mechanism whereby decreased brain iron content attenuated neuron growth in the left 
hippocampus and cerebellum, thereby resulting in reduced relative volumes of these regions. The 
suggestion that iron is necessary for neuron growth is also supported by our findings of increased 
brain iron content in the olfactory bulbs of ID pigs and our previous report of increased relative 
volumes of the olfactory bulbs in ID pigs (Mudd et al. 2017). It remains to be elucidated why the 
olfactory bulb exhibits opposite growth trends during an ID state, however this finding of 
increased brain iron content in the olfactory bulb adds to evidence that this is likely not a 
spurious finding. We previously reported decreased FA values in the left cortex and the 
cerebellum of ID pigs. Fractional anisotropy is often used as a non-invasive marker of 
myelination and fiber coherence in the brain and increases throughout development 





factor in myelinating events (Todorich et al. 2009; Wu et al. 2008; Yu et al. 1986). Thus, the 
decreased iron concentrations in the cerebellum and left cortex further support our hypothesis of 
decreased myelination in these two brain regions in young pigs.   
Interestingly, a study of brain iron content in adults ranging from 22 to 78 years of age 
indicated increased iron content in left hemisphere brain regions compared with right hemisphere 
regions (Xu, Wang, and Zhang 2008). Xu and colleagues suggest that this hemispheric difference 
in iron content may be due to lateralization of motor control, which is largely controlled by the 
dopaminergic system and is dependent on iron for neurotransmitter synthesis. Although 
handedness in our pigs was not assessed, our data of decreased iron in the left hippocampus and 
left cortex in ID pigs compared with CONT pigs may suggest an apparent hemispheric 
sensitivity of brain iron accumulation due to dietary iron status. In a rodent model of chronic 
early-life iron deficiency followed by iron repletion into adulthood, concentrations of brain iron 
restored to levels not different than in CONT animals in all regions except the thalamus (Felt et 
al. 2006). Results from our study assessed brain iron at PND 32 and 61 and only a main effect of 
dietary treatment was noted for the brain regions discussed. Thus, future research should seek to 
non-invasively characterize brain iron content after a longer period of repletion to identify if iron 
content in ID pig brains is able to recover to levels observed in CONT pigs. In doing so, 
researchers will be able to better define the extent of dietary iron adequacy that is necessary to 
restore brain iron content back to baseline levels within an individual. It should be noted, 
however, that Felt and colleagues (Felt et al. 2006) observed altered monoamine metabolism and 
behavior in adult rodents that were previously ID, indicating that restoring brain iron to normal 
levels may not be sufficient to counteract the alterations in brain development due to early life 





as we were able to use a non-invasive neuroimaging technique to sensitively quantify differences 
in brain iron content between ID and CONT pigs. Knowing that brain iron tends to decrease 
prior to hematological decreases in iron (Georgieff 2017), neuroimaging of at-risk infants may 
help to identify and correct alterations in brain iron before overt signs of clinical iron deficiency 
are observed.   
It is also worth mentioning that three brain regions indicated a change of iron content 
over time that was independent of dietary treatment. Notably, we observed an increase in QSM 
values in the corpus callosum and right cortex from PND 31 to PND 62, whereas a decrease in 
values was observed in the hypothalamus. Because these findings did not indicate sensitivity to 
dietary treatment, it suggests that these regions might be more resilient or less affected by 
alterations in dietary iron status when accumulating iron-containing compounds. We previously 
reported no differences due to dietary iron status in diffusion tensor fractional anisotropy, a 
measure indicating myelin and fiber tract development, in the corpus callosum (Mudd et al. 
2017). Despite the lack of dietary effect in the corpus callosum FA values (Mudd et al. 2017), we 
did observe an increase in corpus callosum FA values over time, which is consistent with the 
QSM values we report herein. Notably, our analysis of FA values in the right cortex did indicate 
a dietary effect (Mudd et al. 2017), whereas our QSM values did not exhibit an effect of diet. 
This might suggest that the presence of iron-containing compounds is not solely responsible for 
changes in brain structure. As this is one of the first studies to assess QSM over time in early 
development, it is unclear if the decrease in hypothalamus values is of physiological relevance. 
Thus, future work should seek to better characterize changes in QSM across multiple time points 





a longer period of iron deficiency might illuminate brain regions that are susceptible to 
alterations in QSM at different time points throughout the developmental process.  
 
Voxel-Based Morphometry. We previously reported a reduction of approximately 10% in total 
brain volume at PND 32 in ID pigs compared with CONT pigs. However, after a period of 
dietary iron repletion from PND 33 to 61, brain volumes were not statistically different between 
early life ID and CONT pigs (Mudd et al. 2017). Despite this finding of similar brain volume, we 
observed microstructural differences in diffusion tensor measures between the two groups at 
PND 61, indicating that dietary iron repletion did not recover all aspects of brain development. 
Therefore, to further explore these microstructural differences we used voxel-based 
morphometry to visually assess differences in gray and white matter tissue concentrations that 
remained present at PND 61. Assessment of gray matter tissue differences between CONT and 
ID pigs indicated more voxels in which CONT pigs had greater concentrations of gray matter 
compared with ID pigs. Interestingly, these clusters of increased gray matter in CONT pigs were 
located in the left cortex, right cortex, cerebellum, thalamus, caudate, and right hippocampus. A 
previous study of iron deficiency in 30-d-old pigs indicated differences in cortical gray matter in 
CONT pigs compared with ID pigs (Leyshon et al. 2016). In our study and the study by Leyshon 
and colleagues, the most abundant differences in gray matter appeared to be localized to cortical 
brain regions. However, the differences that were observed by Leyshon and colleagues between 
CONT and ID pigs at 30 d of age contained more voxels and larger clusters than what we 
observed in our pigs after a period of iron repletion on PND 61. Thus, it is possible that a period 
of iron repletion may be able to compensate for some alterations in tissue gray matter, yet it is 





In a rodent model of perinatal iron deficiency, ID rodents exhibited decreased branching 
complexity of cortical apical and basal dendrites, but no difference in dendrite length when 
compared with CONT rodents (Greminger et al. 2014). Pigs that were provided ID diets from 
birth until four weeks of life and iron replete diets from four until 12 weeks of life exhibited no 
difference in BDNF expression in the prefrontal cortex (Nelissen et al. 2017). In pigs, cortical 
brain tissue is just reaching its maximal growth rate at four weeks of age (Conrad, Dilger, and 
Johnson 2012), corresponding to the age at which our study and the study by Nelissen and 
colleagues switched ID pigs to iron replete diets. Thus, the lack of difference in BDNF in the 
prefrontal cortex of 12-week-old pigs and our observation of similar brain volumes at eight 
weeks of age between ID and CONT pigs may suggest neuron outgrowth was not drastically 
influenced by early-life iron deficiency. However, the persistent differences in localized gray 
matter concentrations in the cortex may suggest altered neuron morphology, thus corroborating 
the findings by Greminger and colleagues. The observed reductions in right hippocampal gray 
matter in ID pigs may also be a result of altered dendritic arborization, as this has previously 
been observed in ID hippocampal cell cultures from rodents (Bastian et al. 2016). These findings 
may suggest a non-invasive technique for characterizing altered cortical neuronal complexity in 
pigs that were ID early in life.  
When assessing white matter, CONT pigs exhibited localized increases in both 
hippocampi, both cortices, the cerebellum, and the internal capsule when compared with ID pigs. 
In contrast, assessment of regions in which ID pigs exhibited increased white matter compared 
with CONT pigs yielded no significant results. This finding substantiates previous findings in 
30-d-old pigs in which ID pigs did not have any voxels containing more white matter when 





detriments in white matter maturation have occurred early in life, recovery may not be possible, 
even after a subsequent period of dietary iron repletion. This observation of decreased white 
matter also aligns with our previous results of decreased FA values in the whole brain, cortex, 
cerebellum, and internal capsule due to early-life iron deficiency in pigs (Mudd et al. 2017). 
Previous research indicates reduced cerebellar myelination in rodents (Yu et al. 1986), thus 
suggesting that our observed reductions in cerebellar white matter may be due to reduced 
myelination. A previous study of 30-d-old ID pigs also indicated reduced white matter 
concentrations in the internal capsule (Leyshon et al. 2016). It is known that the internal capsule 
and cerebellum are critical for coordinating motor skills and previous research in ID and ID 
anemic infants indicates delayed motor development (Shafir et al. 2008), thus our findings of 
reduced white matter concentrations in these regions may indicate reductions in myelin 
development. While our study did not assess motor coordination or gait analysis in young pigs, 
future work should seek to assess the effect of early life iron on these measures.  Provided there 
remain differences in both gray and white matter after a 30 d period of dietary iron repletion, 
future studies should seek to characterize if there is a period of iron repletion that is capable of 
rendering CONT and ID brains structurally similar. 
 
Tract-Based Spatial Statistics. Tract-based spatial statistics allows for comparison of diffusion 
values along predetermined white matter tracts in the brain. Our previous diffusion tensor 
analysis indicated reductions in whole brain FA values in ID pigs, as well as FA reductions in the 
caudate, cerebellum, and internal capsule (Mudd et al. 2017). These previous observations were 
averaged over all white matter found in a defined brain region and were not specific to white 





persisted at PND 61, we used TBSS to visualize white matter tracts where early-life ID pigs 
exhibited decreased FA values relative to CONT pigs. Assessment of white matter tracts in 
which CONT pigs exhibited voxels with higher FA values compared with ID pigs indicated 
differences located exclusively in subcortical brain regions. From our analysis, the regions in 
which FA values were greater in CONT pigs along white matter tracts appear to be localized to 
the internal capsule, thalamus, and hypothalamus. Importantly, there were no voxels along white 
matter tracts in which ID pigs exhibited increased FA values compared with CONT pigs, thereby 
suggesting that iron deficiency only causes detriments in white matter integrity and does not 
support white matter maturation. As described above, decreased white matter was observed in 
the internal capsule of ID pigs compared with CONT pigs. Thus, our VBM findings and the 
differences in TBSS in the internal capsule may suggest decreased myelin content of this brain 
region. Moreover, ID and ID anemic infants are known to have delayed motor development 
(Shafir et al. 2008), and both the internal capsule and thalamus contain motor projections within 
the brain (Monakow, Akert, and Künzle 1978; Rose et al. 2007). Previous research in rodents 
indicates the thalamus is susceptible to dietary iron deficiency, resulting in alterations in 
monoamine metabolism (Felt et al. 2006; Lozoff et al. 2011; Lozoff and Georgieff 2006). 
Additionally, increased thalamic axial, radial, and mean diffusivity values were observed in ID 
pigs at PND 29, suggesting altered myelination in this region (Leyshon et al. 2016). Thus, our 
findings of altered white matter tracts in these two regions may suggest decreased internal 
capsule and thalamic myelination, thereby affirming a mechanism through which motor 
development is delayed in ID infants. It is interesting to note that these differences persist despite 
a subsequent period of iron repletion in pigs, thus indicating either the period for iron repletion 





microstructural changes due to early-life iron deficiency. Future research should seek to quantify 
myelin content in these brain regions at different time-points during and after iron deficiency to 
more definitively link iron status and myelination.  
 
Limitations. While the results of this study are novel, we cannot definitively conclude that iron 
repletion after a period of early-life iron deficiency is incapable of compensating for 
developmental differences. Future research should seek to quantify different periods of dietary 
iron repletion as well as the timing of first providing an iron replete diet. In doing so, researchers 
will be able to better quantify critical windows during which iron influences particular aspects of 
brain development. Provided the results of our study, we suggest that early-life iron deficiency 
through PND 32 in the pig greatly alters myelinating events and may influence morphology of 
gray matter, but it does not appear to influence overall brain growth.  
 
Conclusions. We previously showed that iron deficiency alters whole brain volumes at PND 32 
but iron repletion was able to correct for observed differences by PND 61. Here we have shown 
that despite similar brain volumes, differences in gray matter and white matter, as well as 
decreased white matter tract integrity, remain at PND 61. Thus, while gross brain morphology 
appeared unaltered, microstructural detriments in brain development persisted in pigs exposed to 
early-life iron deficiency followed by a period of iron repletion. Our results also indicate region-
specific reductions in brain iron concentrations of ID pigs, regardless of imaging time-point. 
Notably, characterization of altered brain iron and gray and white matter tissue concentrations 
were observed through non-invasive techniques, thereby providing clinically-relevant methods to 





comprehensively characterize altered brain iron status in infants at risk of iron deficiency, prior 





6.5 TABLES & FIGURES 
Table 6.1 Quantitative susceptibility measures indicating iron concentrations (ppb) in defined brain regions of pigs1 
 CONT ID  P-Value 
Region of interest PND 32 PND 61 PND 32 PND 61 SEM Diet Day  Diet × Day 
Caudate -6.3 -3.4 -2.1 -2.4 1.51 0.103 0.318 0.217 
Cerebellum 4.6 1.6 0.9 0.5 0.91 0.005 0.069 0.144 
Cerebral Aqueduct -9.0 -15.8 -13.3 -9.2 3.14 0.723 0.609 0.065 
Corpus Callosum 0.6 5.3 -0.1 4.5 2.04 0.676 0.029 0.994 
Fourth Ventricle -1.1 -9.8 -3.6 -7.5 3.59 0.985 0.057 0.428 
Hypothalamus -4.7 -11.0 -2.6 -6.3 2.48 0.161 0.044 0.550 
Internal Capsule -8.6 -8.0 -9.5 -7.5 1.04 0.760 0.303 0.560 
Lateral Ventricle -3.8 -1.3 -4.3 -2.4 1.48 0.542 0.110 0.834 
Left Cortex -0.6 -0.5 -2.2 -2.8 0.60 0.004 0.614 0.470 
Left Hippocampus -0.5 -1.9 -7.6 -6.9 1.53 <0.001 0.811 0.447 
Medulla 5.1 5.3 -0.2 1.5 2.09 0.018 0.666 0.729 
Midbrain -6.5 -6.0 -8.8 -7.8 2.15 0.351 0.684 0.867 
Olfactory Bulb 0.4 -0.2 1.6 1.5 0.77 0.043 0.601 0.715 
Pons 4.7 10.9 -6.5 -2.2 2.83 <0.001 0.064 0.702 
Putamen-Globus Pallidus -6.3 -3.9 -5.1 -4.5 1.22 0.786 0.175 0.392 
Right Cortex -1.0 0.0 -2.7 -0.5 0.72 0.083 0.033 0.383 
Right Hippocampus -3.2 -0.6 -7.0 -4.2 2.29 0.141 0.127 0.979 
Thalamus -7.7 -11.0 -7.0 -7.6 1.88 0.322 0.166 0.319 
Third Ventricle -4.1 -4.8 -1.8 0.9 2.49 0.105 0.663 0.433 
1Data presented as least square means and pooled standard errors of the mean (SEM) for each treatment group. Statistical significance of the main 
effects of early-life dietary treatment (Diet; CONT vs ID) and postnatal MRI day (Day; PND 32 vs 61) and the interaction between Diet and Day are 
presented. Number of pigs per treatment group that were subjected to MRI are as follows: PND 32 (CONT, n = 9-11; ID, n = 8-10), PND 61 (CONT, 
n = 5-7; ID, n = 7-9). In general susceptibility measures increase from negative (diamagnetic) to positive (paramagnetic) as iron accumulates in 









Table 6.2 Voxel-based morphometry assessment of gray and white matter at PND 61 comparing pigs from differing early-life iron status1 
   Cluster Level Peak Level Local Maxima Coordinates
3 
Tissue Comparison Anatomic Region2 # Voxels P-Value P-Value Pseudo-t X Y Z 
Gray  CONT > ID Right Cortex 2045 < 0.001 < 0.001 7.31 14.0 0.0 -12.6 
  Right Cortex   < 0.001 5.32 18.9 -13.3 -8.4 
  Cerebellum 2772 < 0.001 < 0.001 6.92 -10.5 -25.2 0.0 
  Cerebellum   < 0.001 5.98 -2.8 -27.3 2.8 
  Left Cortex   < 0.001 5.16 -10.5 -16.8 5.6 
  Right Cortex 443 0.004 < 0.001 5.98 11.9 -15.4 7.7 
  Cerebellum 997 < 0.001 < 0.001 5.55 -18.9 -18.9 -7.7 
  Cerebellum 251 0.023 < 0.001 5.54 9.1 -9.8 -2.1 
  Right Hippocampus   < 0.001 5.12 2.1 -9.1 6.3 
  Left Cortex 242 0.025 < 0.001 5.27 -14.0 -1.4 -3.5 
  Left Cortex 204 0.037 < 0.001 5.01 -13.3 -7.0 13.3 
  Cerebellum 47 0.291 < 0.001 4.83 11.9 -25.9 -2.8 
  Thalamus 160 0.061 < 0.001 4.36 0.0 10.5 0.7 
  Right Cortex 79 0.175 < 0.001 4.35 3.5 36.4 4.9 
  Right Cortex 72 0.194 < 0.001 4.15 13.3 -9.8 11.2 
  Left Cortex 24 0.455 0.001 3.97 -5.6 -20.3 11.9 
  Left Cortex 42 0.318 0.001 3.97 -2.1 33.6 5.6 
  Caudate 21 0.486 0.001 3.81 2.1 18.2 2.8 Gray  CONT < ID Right Cortex 419 0.005 < 0.001 5.51 22.4 0.7 10.5 
  Left Cortex 57 0.246 < 0.001 4.45 -19.6 4.2 7.0 
  Right Cortex 35 0.363 < 0.001 4.34 18.2 16.1 12.6 White  CONT > ID Right Hippocampus 234 0.022 < 0.001 6.37 8.4 -2.1 8.4 
  Right Cortex 629 0.001 < 0.001 6.19 10.5 -16.8 9.1 
  Right Cortex   < 0.001 4.61 15.4 -9.8 13.3 
  Right Cortex 378 0.005 < 0.001 5.85 20.3 -7.0 4.2 
  Left Cortex 653 0.001 < 0.001 5.26 -14.0 -15.4 9.1 
  Cerebellum   < 0.001 4.26 -18.9 -16.1 0.7 
  Internal Capsule 51 0.252 < 0.001 4.48 -11.2 -5.6 7.7 





Table 6.2 (cont.) 
  Left Cortex 26 0.415 < 0.001 4.07 -18.9 -7.7 11.2 
  Internal Capsule 40 0.310 0.001 4.00 -8.4 20.3 3.5 White CONT < ID None - - - - - - - 
1Voxel-based morphometry analysis of gray and white matter differences in the CONT and ID pig brains at PND 61. A threshold of p < 0.001 and 
minimum cluster size of 20 voxels were used to determine P-uncorrected values listed in the table. Abbreviations: control (CONT), iron deficient 
(ID). 
2Brain regions based on visual inspection of the cluster location and cross-referenced with the Pig Brain Atlas (Conrad et al., 2014). 













Figure 6.1 Measures of average iron content in brain regions were influenced by dietary iron 
status, regardless of imaging time-point. Because there was no significant interaction between 
diet and MRI day, this figure only shows the significant main effects of diet, regardless of time. 
Reduced iron content in the pons (P < 0.001), medulla (P =0.018), cerebellum (P = 0.005), left 
cortex (P = 0.004), and left hippocampus (P < 0.001) was observed in ID pigs compared with 
CONT pigs. Iron content of the olfactory bulb was increased (P = 0.043) in ID pigs compared 
with CONT pigs. Note that as iron content increases, quantitative susceptibility measures values 
change from diamagnetic (negative values) to paramagnetic (positive values). Abbreviations: 











Figure 6.2 Pictured here is a population-averaged pig brain, with a statistical heat map indicating 
differences in gray matter between dietary treatment groups. The range of red-to-yellow 
indicates the degree of statistical difference from significant pseudo-t values of 3.80 to 7.35, 
respectively, in voxels where CONT pigs exhibited increased gray matter concentrations 
compared with ID pigs (i.e., CONT gray matter > ID gray matter). Clusters that range from dark-
to-light blue indicate increasing significance from significant pseudo-t values of 4.30 to 5.55, 
respectively, in voxels where ID pigs exhibit increased gray matter compared with CONT pigs 
(i.e., ID gray matter > CONT gray matter). (A) Brain images in coronal orientation and (B) Brain 









Figure 6.3 Pictured here is a population-averaged pig brain, with a statistical heat map indicating 
differences in white matter between dietary treatment groups. The range of red-to-yellow 
indicates the degree of statistical difference from significant pseudo-t values of 4.00 to 6.40, 
respectively, in voxels where CONT pigs exhibited increased white matter concentrations 
compared with ID pigs (i.e., CONT white matter > ID white matter). Notably, no differences 
were observed where ID pigs exhibited increased white matter concentrations compared with 
CONT pigs. (A) Brain images in coronal orientation and (B) Brain images in axial orientation. 










Figure 6.4 Pictured here is a population-averaged pig brain, with a statistical heat map indicating 
differences in white matter tract development between dietary treatment groups. Fractional 
anisotropy (FA) differences along predetermined white matter tracts where CONT pigs exhibited 
higher (P < 0.05) FA values compared with ID pigs. Representative slices were chosen to 
highlight areas in which FA values in CONT pigs were higher than in ID pigs. The range of red-
to-yellow indicates degree of statistical difference from P = 0.05 to P = 0.001, respectively. (A) 
Brain images in coronal orientation. Abbreviations: control (CONT); fractional anisotropy (FA); 
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CHAPTER 7: CONCLUSIONS & FUTURE DIRECTIONS 
The work described in this dissertation successfully used non-invasive imaging techniques to 
characterize alterations in brain development related to perinatal choline deficiency and postnatal 
iron deficiency. As such, this work progressed the field of developmental nutritional 
neuroscience, however, as with all research there remain questions to be answered. This section 
will briefly review ways in which the findings presented in the previous chapters may be used as 
stepping stones to future work in the biomedical pig model.  
 
Pig Neuroimaging 
The field of magnetic resonance imaging continues to evolve, and as such so should the 
methods employed in our lab. One specific neuroimaging modality that should be developed for 
use in the pig model is multi-component-driven equilibrium single pulse observation of T1/T2 
(mcDESPOT) (Deoni et al. 2008). In short, this imaging technique reports the ability to 
differentially characterize myelin-bound water to water in extracellular fluids. In doing so, 
mcDESPOT is able to comprehensively quantify the volume fraction of myelin water, thereby 
providing a proxy measure of myelin content in the brain. This method has sensitively 
characterized developmental myelination trajectories of specific brain regions in humans (Deoni 
et al. 2011). In fact, Deoni and colleagues reported differences in brain white matter 
development, quantified using mcDESPOT methods, between breast-fed and formula-fed infants 
(Deoni et al. 2013). Further, this method has recently been used to identify differences in brain 
development of infants that were administered different formula compositions early in life 
(Deoni et al. 2017). Provided this method is sensitive to dietary treatments and has been used in 





Development of this method for use in the biomedical pig will serve to non-invasively 
characterize the trajectory of myelination in different brain regions and allow for assessment of 
the influence of dietary interventions on brain myelin development.  
Another imaging technique that will prove useful for the biomedical pig model is one that 
characterizes brain blood volume. In collaboration with Drs. Brad Sutton and Benjamin 
Zimmerman, we have successfully implemented a technique called inflowing vascular space 
occupancy with dynamic subtraction (iVASO-ds) to measure arterial cerebral blood volume 
(Zimmerman et al., under review). As part of this initial pilot study, we were able to characterize 
changes in blood volume between four-and-eight weeks of age in the pigs. Use of this imaging 
sequence will prove to benefit the pig model as both iron and choline deficiency have been 
reported to alter angiogenesis in rodent brains. Specifically, iron deficiency has been shown to 
increase blood vessel density in the brain (Bastian et al. 2015), whereas choline deficiency has 
been reported to reduce blood vessel density in rodent models (Mehedint, Craciunescu, and 
Zeisel 2010). Thus, iVASO-ds may be used to non-invasively characterize alterations in blood 
volume as a result of early-life deficiencies in these micronutrients. Accordingly, we hypothesize 
that iVASO-ds will show reduced arterial cerebral blood volumes in pigs that are exposed to 
perinatal choline deficiency. In contrast, we hypothesize that iVASO-ds will show increased 
arterial cerebral blood volumes in pigs exposed to iron deficiency.  
In the choline neuroimaging study presented in this dissertation, we non-invasively 
quantified neurometabolites using single-voxel spectroscopy. This technique allowed us to 
characterize concentrations of particular metabolites that were influenced by dietary choline 
status, but the quantification was limited to a single, relatively large voxel. Therefore, in an effort 





collaboration with Drs. Zhi-Pei Liang and Fan Lam to use their high-resolution spectroscopic 
imaging sequence (Lam and Liang 2014). Data generated from this neuroimaging sequence 
provides information about metabolites throughout the entire brain and is amenable to region of 
interest segmentation. Thus, future work using this imaging technology will allow for sensitive 
quantification of neurometabolites in particular brain regions that are most vulnerable to 
alterations in nutrition.  
 
Choline Deficiency 
While the work in the dissertation certainly progressed the understanding of choline 
deficiency and its influence on brain development, it is not without limitations. A strength of our 
neuroimaging assessments is the global nature of our work, which assessed many brain regions 
at once. These findings highlighted brain regions that were sensitive to choline deficiency and 
provided insight into brain regions that were previously not known to be influenced by choline. 
Thus, future work may seek to understand the exact mechanisms through which dietary choline 
deficiency alters the structure of these previously unobserved findings.  
 Another area for improvement in the pig model pertains to the rearing of the choline-
deficient pig. Our neuroimaging assessments were performed on pigs that were artificially-reared 
and provided milk replacer that was deficient in choline alone. From our assessments in sow’s 
milk, it is clear that maternal choline deficiency alters more than just the choline moiety 
composition in expressed milk, notably fatty acids and amino acids are also influenced by 
maternal choline status. Thus, future work should seek to more accurately model maternal 
choline deficiency and pigs should remain with the sow through weaning to assess the effects of 





suggested that sows be started on a choline-deficient diet prior to conception. This is because 
women are likely consuming insufficient amounts of choline prior to conception, rather than an 
abrupt decrease in choline intake mid-gestation. By allowing the pigs to consume milk from the 
choline-deficient sow, we should be able to better understand the overall influence of altered 
milk composition on pig brain development. This research could be expanded further by using 
stable isotopes to label choline provided to the sows to understand how that choline influences 
sow milk composition and whether or deuterium-labeled metabolites ultimately make it into the 
brain of the young pig.   
The neuroimaging results of this dissertation provide insight into structural changes in the 
pig brain, however there is a need for a functional assessment of brain development during a 
choline-deficient state. Previous work in rodents suggests alterations in cognition (Niculescu 
2013; Zeisel and Niculescu 2006) and correlations in humans corroborate these findings (Boeke 
et al. 2013). Therefore, the pig may serve as an excellent model for assessing cognitive 
alterations related to choline deficiency and neuroimaging assessments may help to link a 
structure to function mechanism. Interestingly, micronutrient deficiency research in rhesus 
monkeys suggests the timing of the deficiency is related to the type of behavioral/cognitive 
deficit observed (Golub 2010). Thus, it would be interesting to apply similar logic to the pig 
model in order to ascertain whether the same is true for choline deficiency. Research in rodent 
models suggests lifelong cognitive alterations related to early-life choline deficiency. 
Accordingly, future work would benefit from a model where pigs are raised to older ages and 
subjected to neuroimaging as well as cognitive assessments longitudinally. Work of this nature 
will help to bridge the gap between known functional alterations and the underlying structural 





As stated in the literature review, choline plays a pivotal role in one-carbon metabolism. 
Accordingly, it would be interesting to assess the potential epigenetic implications of perinatal 
choline deficiency on brain development in the young pig. This would be interesting in both the 
maternally reared and artificially reared pig, as our milk composition study indicates decreased 
betaine content in sow milk, thus suggesting reduced capacity for proper methyl cycle function. 
Previous research indicates lasting cognitive deficits in prenatally choline deficient rodents, 
which may be due to permanently altered gene transcription as a result of early-life epigenetic 
events. Epigenetics may also play a role in the structural alterations that were characterized in 
this dissertation. Thus, it is suggested that future work assess methylation of CpG sites in gene 
known to influence brain development, as this may illuminate permanent transcriptional 
alterations in the brain.  
 
Iron Deficiency 
 The iron deficiency work highlighted in this dissertation advanced the understanding of 
iron deficiency followed by iron repletion in the context of pediatric brain development. While 
novel, there remain opportunities for future work to further build on the results presented in this 
dissertation. Most notably, our use of quantitative susceptibility mapping provided insight into 
the concentrations of iron-containing compounds in different brain regions. It has previously 
been reported that hematological measures of iron status do not serve as accurate indicators of 
brain iron status (Georgieff 2017). By using QSM to quantify concentrations of iron-containing 
compounds in the brain, researchers can begin to relate common clinical blood biomarkers of 





field of developmental nutritional neuroscience, as it may provide proxy measures of brain iron 
status that can be measured through blood biomarkers.  
 The longitudinal aspect of the dietary iron intervention presented in this dissertation is 
novel and provided insight into possible effects of iron repletion. However, it remains unclear if 
longer periods of dietary iron repletion, following early-life iron deficiency, may be able to 
correct for structural alterations. Thus, future work should assess brain development at later 
time-points to determine if there is a specific length of iron repletion needed to completely 
correct for early-life structural alterations. Because iron deficiency is known to result in lasting 
cognitive deficits, it is hypothesized that iron repletion for any amount of time may not correct 
all structural alterations in brain development.  
 It is also worth mentioning that cognitive assessment of iron-deficient pigs is warranted 
and ongoing analyses in this lab are assessing the influence of iron deficiency on novel object 
recognition performance. Furthermore, assessment of microbiome alterations related to early-life 
iron deficiency are expected from this study. Together, this dataset is well-poised to assess 
relationships between dietary intervention, microbiome, and brain development measures (i.e., 
structural or cognitive). Future assessments of this nature will help to understand the diet-gut-
brain axis.  
 While only briefly discussed in this dissertation, too much iron ingestion may also be 
toxic for the body. In fact, it has been suggested that iron overload may also negatively influence 
brain and cognitive development. It is known that infant formula contains up to ten times as 
much iron as human milk, thus research should quantify optimal levels of iron included in infant 







Developmental Nutritional Neuroscience  
In general, the field of developmental nutritional neuroscience is relatively new and the 
techniques used to assess brain development vary widely. Future work should not be limited to 
assessment of single brain regions, as it is known that brain regions develop at different times 
and at different rates. Moreover, particular nutrients may have multiple roles in 
neurodevelopment, as shown with choline and iron in this dissertation, thus assessment of 
multiple developmental processes is also warranted. While it is important to understand the 
physiological role of individual nutrients, it is highly unlikely that a single nutrient deficiency 
would occur. Accordingly, future research should seek to assess the influence of multiple 
nutrient deficiencies at once, in order to more comprehensively replicate clinical populations. In 
doing so, researchers may be able to identify particular aspects of brain development that are 
more sensitive to one nutrient over another, and may elucidate irreversible brain alterations that 
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